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EXECUTIVE  SUMMARY 


Georgia  Institute  of  Technology 
and 

Office  of  Naval  Research 

Workshop  on  Condition  Based  Maintenance 

Sheraton-Atlantic  Beach 
Atlantic  Beach,  N.C. 

November  15-17, 1993 


The  Georgia  Institute  of  Technology  conducted  a  two  and  one-half  day  Workshop  on  Condition  Based 
Maintenance  at  the  Sheraton-Atlantic  Beach  Hotel  in  Atlantic  Beach,  N.C.  on  November  15-17,  1993. 
The  woricshop,  sponsored  by  the  OfiBce  of  Naval  Research,  was  held  in  conjunction  with  the  Materials 
Engineering  Division,  Naval  Aviation  Dqwt  of  Cherry  Point,  N.C.,  and  the  Office  of  Naval  Research. 
Representatives  from  academia,  industry,  national  laboratories,  and  military  services  participated.  Ward 
Winer  of  the  George  W.  Woodruff  Sch^l  of  Mechanical  Engineering,  Georgia  Institute  of  Technology, 
and  Peter  Schmidt  of  the  Chemistry  and  Materials  Division  of  the  Office  of  Naval  Research  served  as  co¬ 
chairs  of  the  meeting.  The  purpose  of  the  workshop  was  to  promote  the  interchange  of  ideas  and 
erqrerimental  techniques  in  support  of  the  monitoring  of  military  aircraft,  ship,  and  land-vehicle 
components. 

After  a  brief  introduction  and  welcome,  the  first  day  of  the  workshop  began  with  keynote  addresses 
outlining  the  maintenance  needs  at  Cherry  Point,  and  sensor-monitoring  requirements  associated  with 
component  life  and  performance.  This  was  followed  1^  a  tour  of  the  Cherry  Point  Depot  maintenance 
&cilities.  Upon  return  from  the  afternoon  bus  trip,  breakout  groups  formed,  chartered  to  discuss  research 
and  engineering  needs  for  the  implementation  of  qrecific  monitoring  procedures  and  component  life 
improvements.  Four  subgroups  were  created  by  self-selection  in  the  areas  of  Maintenance  &  Engineering, 
Chemistry  &  Physics,  Sensors,  and  Signal  Analysis. 

The  second  day  of  the  workshop  focused  attention  on  specific  techniques  for  the  in-situ  monitoring  of 
component  life  and  performance,  with  brief  presentations  offered  by  numerous  experts.  The  breakout 
groups  refined  the  deliberations,  and  presented  summaries  to  the  plenary  meeting  for  further  discussion. 
As  a  result,  four  new  subgroups  formed  to  address  issues  related  to  Critical  Equipment  Failure  and 
Maintenance,  Failure  Models,  Sensors,  and  Signal  Analysis. 

The  workshop  ended  with  a  morning  plenary  session.  Groiq)  reports  were  presented  and  discussed.  A 
summary  of  NADep  drive  issues  concluded  the  meeting. 

This  document  contains  sununaries  from  the  breakout  group  deliberations  and  presentation  materials  used 
by  the  breakers,  whose  efforts  were  truly  appreciated.  A  special  thanks  goes  to  ONR's  Peter  Schmidt  and 
Georgia  Tech's  Steven  Dar^luk,  Scott  Bair,  and  Richard  Cowan,  for  their  Irehind  the  scenes"  efforts  in 
making  this  a  successful  event. 

Ward  O.  Winer 

Regents'  Professor  and  Director 

Georgia  Institute  of  Technology 
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AGEMBA 


Monday.  November  15th 


8:30  a.m.  Ward  O.  Winer,  Chair 

Welcome 

8:35  a.m.  Peter  Schmidt,  ONR 

"INTRODUCTION  AND  OBJECTIVES  OF  THE  WORKSHOP" 

8:45  a.m.  John  Cammett,  Cherry  Point-Navy 

"MAINTENANCE  NEEDS" 

9:1 5  a.m.  Don  Kover,  NSWC  -  Carderock,  Annapolis,  MD 

TECHNOLOGY  DEVELOPMENT  PLAN  FOR  INTEGRATED  MECHANICAL 
DIAGNOSTICS" 

9:45  a.m.  Paul  Howard,  Consultant 

"AN  OVERVIEW  OF  CONDITIONED  BASED  MAINTENANCE" 

1 0:1 5  a.m.  15  Minute  Break 


t 


t 


Mieting  Agenda 


10:30  a.m. 


Frederick  F.  Ling,  University  of  Texas-Austin 
"COMPREHENSIVE  AND  CRITICAL  LITERATURE  REVIEW  OF 
IN-SITU  MICRO-SENSORS  FOR  APPUCATiON  IN  MACHINERY 
DIAGNOSTIC" 


1 1 :00  a.m..  Ronald  Kadysewski,  Vickers-Technology  and 
John  Reintjes,  NRL 

"OPTICAL  DETECTION  OF  WEAR  DEBRIS" 


11:30  a.m.  Lunch 

1 2:00  p.m.  Bus  Leaves  For  Tour  to  Cherry  Point  Maintenance  Facilities 
John  Cammett,  host 

5:30  p.m.  Return  to  Hotel 

8:00  p.m.  Breakout  Session  Discussion,  ”What  are  the  Issues?" 

Self  select  in  four  groups  in  areas  of: 

-  Maintenance  &  Engineering 
Chuck  Standi  discussion  leader 

-  Chemistry  &  Physics 

Irwin  Singer  discussion  leader 

•Sensors 

Steve  Shaffer  discussion  leader 

•  Signal  Analysis 
Tom  McKenrta  discussion  leader 

(select  a  spokesperson  to  summarize  issues  and  give  brief  notes  on 
issues  to  Peter  Schmidt  or  Ward  Winer  by  10:00  p.m.) 


Jan  Achenbach,  Northwestern  University 

"QUANTITATIVE  NON-DESTRUCTIVE  EVALUATION  FOR  CONDITIONED 
BASED  MAINTENANCE" 


S.  Ramalingam,  University  of  Minnesota 

"PEIZO-ELECTRIC  SENSORS  FOR  REAL-TIME  CONDITION  MONITORING" 


Steven  Danyluk,  Georgia  Tech 

"WEAR  AND  LUBRICANT  DEGRADATION  MONITORED  BY  WORK 
FUNCTION  MEASUREMENTS" 


Scott  Bair,  Georgia  Tech 

"SHEAR  BANDS  IN  LUBRICANT  RLMS-AN  OPTICAL  STRESS  SENSOR" 


Rick  Sewersky  •  SIcorsky  Aircraft 
"SIKORSKY  HUM  REQUIREMENT" 


10:15  a.tn.  Break 


1 0:30  a.m.  Dor  Ben-Amotz,  Purdue  University 

"RAMAN  SPECTROSCOPY  OF  MOLECULAR  MARKERS” 

1 0:40  a.m.  Roger  Barron  and  Gene  Parker.  Barron  Associates 
”SIGNAL  PROCESSING” 

(On-Line  Diagnostice  and  Prognostics  for  Early  Malfunction  Alerting  and 
Conditioned  Based  Mairrtenance) 

10:50  a.m.  William  Ruff  and  K.G.  Krieder,  NIST 

”TNIN-FILM  FRICTION  AND  WEAR  SENSORS  FOR  CONTINUOUS 
BEARING  MONITORING” 

1 1 :10  a.m.  Irwin  Singer,  NRL 

”SURFACE  SCIENCE  IN  TRIBOLOGY” 

1 1 :20  a.m.  Francis  Kennedy  and  Ursula  Gibson,  Dartmouth  College 
”SURFACE  TEMPERATURE  MEASUREMENT  IN-SITU” 

1 1 :30  a.m.  Steve  Hsu,  NIST 

”A  MECHANO-CHEMICAL  MODEL:  REACTION  TEMPERATURES  IN  A 
CONCENTRATED  CONTACT* 

1 1 :40  a.m.  Bill  Nickerson,  Penn  State  University 

"INITIATIVES  IN  CONDITIONED  BASED  MAINTENANCE" 

1 1 :50  a.m.  David  Board,  dme  Corporation 
"STRESS  WAVE  ANALYSIS” 

Ted  Prison,  Randle,  Inc. 

"SIGNAL  ANALYSIS/SIGNAL  PROCESSING" 

(Given  on  tour  at  Cherry  Point  Fat  rity) 

12:00  p.m.  Lunch 

1 :30  p.m.  Presentations  from  Breakout  Session  groups  of  1 5  November. 

3:30  p.m.  Breakout  session  discussion. 

Self  select  in  four  groups. 

5:30  p.m.  Dinner 

8:00  p.m.  Groups  meet  and  prepare  preliminary  drafts  of  group  reports  for  1 7  November 

presentation. 


Wednesday  -  November  17th 


8:30  a.m. 


10:00  a.m. 


Plenary  Session 

Group  Reports  and  Discussion 

1.  Critical  equipment  failure/maintenances  issues:  John  Bowen 

2.  Failure  Models:  Tribology,  LO  Wedeven;  Stmctural:  Wm.  Glaeser 

3.  Sensors:  Steve  Shaffer 

4.  Signal  Analysis:  Tom  McKenna 

Billy  Morgan,  NADep 
"NADep-DRIVE  ISSUES  SUMMARY*' 


12:00  p.m. 


Meeting  Adjourned. 
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Workshop  on  Conditioned  Based  Maintenance 
INTRODUCTION  AND  OBJECTIVES 


The  Georgia  Institute  of  Technology,  the  Materials  Engineering  Division,  Naval  Aviation 
Depot,  Cherry  Point,  NC,  and  The  Office  of  Naval  Research  held  a  two  and  one-half  day 
Workshop  on  Condition  Based  Maintenance  in  November,  1993  at  the  Sheraton  Atlantic 
Beach  Resort  at  Atlantic  Beach,  NC. 

This  workshop  was  supported  by  ONR. 

The  Issue 

America’s  military  machines-ships,  aircraft  and  land  vehicles-are  growing  old.  Many  of  the 
aircraft  and  ships  we  now  rely  on,  for  example,  were  designed  and  built  twenty  and  thirty 
years  ago.  Unhappily,  we  can  no  longer  plan  to  replace  these  old  vehicles  wiUi  next 
generation  equipment;  we  must  expect  our  older  vehicles  to  remain  in  service  well  into  the 
next  century.  But  older  vehicles  can  present  problems  of  poor  performance,  inadequate 
safety,  and  increasingly  expensive  maintenance.  It  is  our  task  to  develop  a  maintenance 
system  that  can  address  these  problem  areas  in  older  vehicles. 

If  we  want  our  older  equipment  to  operate  safely  and  efficiently,  we  need  to  locate  and 
address  problems  before  they  progress  to  the  point  of  mechanical  failure.  But  incipient 
failures  are  hard  to  locate,  and  current  maintenance  systems  have  only  limited  capabilities  to 
do  so.  Current  systems  rely  mainly  on  time  based  inspection,  which  requires  that  parts  be 
inspected  at  specified  intervals,  and  that  they  be  replaced  when  deemed  unfit  for  service.  The 
problem  with  time  based  inspection  is  that  it  often  fails  to  catch  incipient  failures,  with 
disastrous  consequences.  An  alternative  to  time  based  inspection  is  continuous  monitoring  of 
critical  components;  however,  while  this  approach  may  be  effective,  it  is  also  expensive. 

These  two  approaches  share  one  important  flaw;  they  are  based  on  inspection,  and 
maintenance  approaches  based  on  inspection  simply  cannot  provide  real  time  information 
about  the  condition  of  a  mechanical  system.  If  we  can  collect  such  information,  we  can 
develop  a  condition  based  maintenance  system  which  will  be  efficient,  practical  and  safe. 

This  report  outlines  our  thinking  about  approaches  to  condition  based  maintenance,  it  suggests 
some  avenues  of  study  that  researchers  could  fruitfully  pursue,  and  it  outlines  some 
approaches  that  we  could  reasonably  incorporate  into  our  maintenance  programs  today. 

Current  work 

The  Navy  has  begun  to  address  the  need  for  real  time  information  through  an  extensive 
program  in  mechanical  fault  diagnosis.  The  Navy’s  diagnostic  method  uses  mechanical 
vibration  sensors,  which  are  attached  to  critical  components  and  whose  output  is  assessed 
through  automated  pattern  recognition.  A  model  system  for  helicopter  transmissions  will 
soon  be  tested  in  actual  settings. 

The  Navy’s  work  with  mechanical  vibration  methods  depends,  of  course,  on  vibration  sensors. 


I^ter  Schmidt,  "Introduction  and  Oblectives  of  the  Woricshop' 


But  these  sensors  have  limitations,  and  vibration  may  not  always  be  the  best  indicator  of 
pending  mechanical  failure.  The  job  of  this  workshop  is  to  explore  other  approaches  to 
sensing,  and  to  outline  other  parameters  that  may  be  critical  in  signalling  mechanical  failure. 
To  this  end,  it  is  important  to  consider  failures  initiated  by  corrosion,  to  develop  means  of 
assessing  lubricant  degradation  and  contamination,  and  to  detect  surface  fatigue  and  numerous 
modes  of  wear. 

Areas  of  Study 

In  order  to  make  real  progress  addressing  the  issue  of  conditioned  based  maintenance,  we 
need  to  address  a  number  of  questions: 

*  Do  we  know  the  physics  and  chemistry  of  the  moving  interface  for  metals  and  of 
materials  subjected  to  high  loads,  high  temperatures  and  corrosive  environments? 

*  Which  state  variables-temperature,  pressure,  composition,  electrical  and  magnetic 
variables,  force— play  a  role  in  signalling  the  onset  of  a  given  problem? 

*  How  will  vibration  sensing  evolve? 

*  How  can  sensors  be  effectively  placed  on  moving  components  in  an  oily  environment? 

*  How  will  signal  transduction  from  sensor  to  operator  evolve? 

*  Can  neural  network  analysis  become  a  useful  tool  in  development  of  our  maintenance 
program? 

*  What  other  parameters  merit  consideration? 

Practical  Considerations 

Any  study  associated  with  maintenance  should  fust  identify  critical  elements  which  are  bound 
to  fail;  these  elements  should  have  priority  in  our  studies  as  they  have  priority  in 
maintenance.  For  each  critical  element,  we  must  consider  the  mechanism  of  failure  and,  if 
possible,  develop  a  general  failure  model;  this  model  should  guide  us  in  selection  of  the  best 
mechanical,  physical  or  chemical  sensors  to  detect  faults  and  pending  failures.  Then  we  must 
develop  a  means  to  analyze  and  correlate  sensor  output  in  order  to  provide  an  operator  with 
reliable  information  about  the  state  of  the  system. 

Our  summary  of  areas  of  study  may  seem  to  suggest  a  specific  research  program,  but  this 
sequence  need  not  be  followed  in  lockstep.  Nor  is  it  necessary  to  address  aU  of  the  above 
questions  before  we  introduce  refinements  into  existing  maintenance  programs.  We  should 
consider,  rather,  that  work  in  each  of  these  areas  will  contribute  to  our  knowledge  of  the  state 
of  the  mechanical  system  in  general,  and  the  tribological  interface  in  particular,  and  that  we 
will  all  benefit  from  new  understanding  of  friction,  wear  and  mechanical  failure. 


P.P.  Schmidt,  Ph.D. 
Scientific  Officer,  ONR 


MAINTENANCE  NEEDS 


•  Increased  maintenance  efforts  with  limited 
resources  are  anticipated  at  Cherry  Point, 
given  the  closing  of  three  of  six  inspection 
depots.  Cherry  Point (NC),  Jacksonville (FL) , 
and  San  Diego (CA)  survived  cuts. 


•  Cherry  Point  depot  performs  inspection  and 
maintenance  routines  on  an  assortment  of 
assemblies  including  jet  engines,  carrier 
components,  C130  aircraft,  and  H46  helicopters. 


I 

! 


•  Standard  maintenance  and  inspection  routines  at 
Cherry  Point  use  such  non -destructive  aids  as 
magnetic  particles,  ultrasonics,  fluorescence, 
eddy  current,  and  x-rays.  The  cracks, 
delamination  and/or  wear  identified  are 
generally  attributed  to  fatigue  and  corrosion. 


•  Given  the  likelihood  of  failure  with  aged 

equipment  and  the  effect  of  such  an  occurrence 
(e.g.,  loss  of  life,  loss  of  platform), 
improved  maintenance  plans  and  inspection 
methods  are  a  necessity.  Field  sensors  are 
particularly  desired. 


•  To  provide  the  means  for  understanding  what 

the  Cherry  Point  maintenance  facility  does  and 
needs,  a  tour  of  the  depot  will  be  conducted  as 
part  of  the  Workshop  on  Condition  Based 
Maintenance,  the  afternoon  of  15  November. 


Cammett.  "Maintenance  Needs' 


Integrated  Mechanical  Diagnostics 


_ Don  Rover.  •Technology  Development  Plan  For  Integrated  Mechanical  Diagnostics' 


The  Problem 
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House  Appropriations  Defense  Bill 
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(The  Navy)  should  focus  on  upgrades  to  the  assets 
currently  in  inventory... 


Mechanical  Systems  Status 
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Initiated  as  policy,  without  supporting  technology 
Integrated  Mechanical  Diagnostics 


What  is  CBM  and  IMD? 
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Integrated  and  Integral  Sensors 


What  enables  IMD? 
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Advanced  sensors  and  signal  processing 


CBM  Implementation 


-  Knowledge 

•  A  vision  of  IMD  in  the  Navy 

-  “on-line,  on-the-fly  diagnostics  at  the  0-level 


Advanced  Diagnostic  Techniques 
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Analytical  Modeling  for 
Mechanical  Diagnostics 


Air  Vehicle  Gearbox  Diagnostics 


Optical  Oil  Debris  Monitoring 


Air  Vehicle  Diagnostic  System 
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DIAGNOSTIC  TECHNOLOGY  TRENDS 

AND 

EMERGING  TECHNOLOGY 

Briefing* 


TECHNOLOGY  APPLICATION 


BUSINESS  DEVELOPMENT 


STRATEGIC  PLANNING 


Paul  Howard,  "An  Overview  of  Conditioned  Based  Maintenance' 


SOME  KEY  ASPECTS 


OF  THE 

CURRENT  WEAPON  SYSTEM 
SUPPORT  ENVIRONMENT 


AGING  FLEET  —  ESPECIALLY  HELO 

•  INCREASED  MAINTENANCE  BURDEN 
-•  ATTRITION  —  WEAROUT. 

•  NO  ASSET  REPLACEMENT  LINE  ITEM 

•  FEWER  NEW  WEAPON  SYSTEM  STARTS 

SUPPORT  ASSETS  REDUCED 

•  PERSONNEL  ROTATION,  RIF,  SHORTAGES 

•  FEWER  STAFF,  SAME  MISSION  IN  OPERATIONS. 

•  HIGHER  SPARES  COSTS/PRESSURE  TO  REDUCE  USEAGE. 

NAVY  STRATEGY  DIRECTIONS  (  HOSTTO  COPE) 

•  EXTEND  LIFE  OF  ASSETS  —  SLEP 

•  CONSERVE  ASSETS  —  LOWER  MAINT.  BURDEN  BY 

BETTER  DIAGNOSTICS 

•  REDUCE  SPARES  USEAGE  -  REDUCE  FALSE  REMOVALS. 

•  IMPLEMENT  A  BALANCED  RISK  REDUCED  TECHNOLOGY 
PROGRAM  TO  ACHIEVE  TBO  TO  CBM  TRANSITION 

•  ON-BOARD  DIAGNOSTICS 

•  MAINTAINERS  ASSOCIATES 

•  EMBEDDED  TRAINING 

•  FUNDED  FROM  CURRENT  R&D  LINES+CIP 

•  RISK  ABATEMENT 

•  PROVEN  TECHNOLOGY 

•  TECHNOLOGY  DEMONSTRATIONS--  ATD  ROUTE 

•  TECHNOLOGY  DEVELOPMENT  —  6.2,  6.3,IR&D 
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WHAT  MOST  IT  DO? 
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VIBRATION  TECHNOLOGY  FRAMEWORK 

DIAGNOSTIC  FREQUENCY  RANGE 

•  LOW  (<10KHZ) 

•  HIGH  (10KHZ-50KHZ) 
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•  AUTOMATIC 

OPERATIONAL  MODE  (MEASUREMENT/ANALYSIS) 

•  OFF-UNE 

•  ON-UNE/OFF-UNE 

•  ON-UNE 
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APPLICATION  SENSITIVITY  -  WIDE/NARROW  APPLICATION 
BIT/SELF  CALIBRATION 


Signal  Average 
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ANALOG  INDUCTIVE  MEASUREMENT  OF 
FERROUS  DEBRIS  ACCUMULATION  (REMOVED 
FROM  IN-LINE  MAGNETIC  PLUGS) 


REAL-TIME  ON-LINE 
DEBRIS  MONITORING  TECHNIQUES 


PRESSURE  DROP  vs.  CAPTURE 
EFFICIENCY 

WEIGHT  vs.  CAPTURE  EFFICIENCY 
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INTEGRATING  DIAGNOSTIC  TECHNOLOGIES 
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STRATEGY  -  DIAGNOSTICS  FOR  FD/FI 
(FD/FI  +  GEARBOX  ECP) 


POTENTIAL  IMPLEMENTATION  ROADBLOCKS 
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•  DIAGNOSTIC  COMPUTER  FAILURE  RATE 
IS  TEN  TIMES  GEAR  FAILURE  RATE 


FLOW  CHART  OF 

FAULT  DIAGNOSTICS  BY  VIBRATION  ANALYSIS 


/ 
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IDEAL 

CHARACTERISTICS 
OF  THE 

DIAGNOSnC  CHIP 


/ 


/ 
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o  INTERNAL  /  EmSNAL  POWERED 

INTEGRAL  SENSORS  —  ACCELERATION, STRAIN,  TEMPERATURE,  CHEMICAL  (POSSIBLE) 

o  SIGNAL  CONDITIONING  FOR  EXTERNAL  SENSOR  INPUTS  —  ABOVE  PLUS  STATE  VARIABLES. 

(  ANALOG  ) 

o  DATA  I/O  —  BUSS  PLUS  TRANSMITER(EM/FM  FORMAT) 

o  STACKING  ABIUTY  —  TRANSPUTER  EQUIVALENT  AS  A  MINIMUM. 

o  REDUNDANT  /  PARALLEL  ,  HIGH  RELIABILnY  ,  HIGH  TEMPQIAIURE  (>  150“  C  ), 

CHEMICAL  RESISTANT 


DIAGNOSnC  CHIP 
RJNCnONS 

d 

NEURAL  NET  PATTERN  MATCH  —  64  X  64  MINIMUM  ,  150  PATIDIN  REPERTIORE. 

SIGNAL  CONDITIONING  —  VOLTAGE  /  CURRENT  SOURCES  ,  HIGH  INPUT  IMPED.  , 

SELECTABLE  LO/HI  PASS  FILTERING,  ETC. 

A/D  ,  D  /  A  EXTERNALLY  /  INTERNALLY  CLOCKED. 

USE  REGIME  OOMPUTATION  AND  PROGRAfWABLE  LOOK  UP  TABLES  —  LIFE  USEAGE. 
DSP  EUNCnONS  —  EFT  ,  PSD  ,  EFT"^  ,  KURIOSIS  —  SELECTABLE  SEQUENCE. 
LIMIT  EXCEEDENCE  —  ALARM  —  TRE2«)  CALCULATION  CIRCUITS 
SERIAL  /  PARALLEL  I/O  INCLUDING  DSP  FUNCTIONS  FOR  STACKING. 

INTERNAL  POWER  GENERAHON  —  TEMP.  C»  VIBRATION  INDUCED. 

FM/EM  TELEMETRY  TRANSMn  MODE. 

EXTERNAL  POWER  INPUT  /  CONDITIONING  CAPABILITY. 


/ 

/ 


/ 

/ 

/ 

/ 

I 

I 

SOME  TYPICAL  USES  ' 

OF  THE  I 

DIAGNOSTIC  CHIP 


GEAR  BOX  FAULT  DIAGNOSHCS  —  SELF  CONTAINED 


ROTOR  HEAD  STRUCTURAL  FATIGUE  DETECTOR - SELF  CONTAINED  ,  SELF  POWERED  , 

TRANSMITTING  DATA  TO  AIRPRA^C. 


ELECTRIC  MOTOR  CURRENT  ANALYSER  —  FAULT  DETECTOR. 


EMBEDDED  /  INTEGRAL  STRUCTURAL  FATIGUE  MONITOR  —  REGIME  RECOGNITION. 


ENGINE  GAS  PATH  DEBRIS  /  OIL  DEBRIS  ANALYSER 
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FILTERS  ADOPTED  IN  THE  SEARCH  OF  LITERATURE 
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SELECTED  RECORDS  -  A.  GENERAL 
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ACOUSTIC  EMISSION 
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ACOUSTIC  EMISSION  -  continued 


THE  UNIVERSITY  OF  TEXAS  AT  AUSTIN 


F.I.ECTR1C  CONTACT  RFSTSTANCE  AND  CAPACITANCE  SENSING 

1992  Proceedings  of  EUROSENSORS  V  -  69  papers  including 
capacitance-based  sensors  and  many  other  types  -  D'Amico,  ed. 
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FIBER  OPTICS  -  continued 
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FT.IIIDFLOW  AND  HEAT  TRANSFER 
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Zhu  and  Spronck  (1992):  capacitive  tactile  sensor  for  shear 

AND  NORMAL  FORCE  MEASUREMENT 


SUBSTRATES  OF  ELECTRODES 


Tian  et  al  (1993):  thin  film  thermocouples  for  contact 

TEMPERATURE  MEASUREMENT 


_ Schematic  cross-section  of  thin  film  thermocouple. 


Mancevski  et  al  (1993):  high  precision,  six  degree-of-freedom 
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Seifert  and  Westcott  (1972):  wear  particles  in  lubricating  oils 
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DATA  PROCESSING 
COMMUNICATION  INTERFACES 
SENSOR  CONTROL  MODULES 


CONDITION  BASED  MAiNTENANCE 


CONDITION  BASED  MAINTENANCE 


LUBRICLONES®  —  AIR/OIL/DEBRIS  SEPARATORS 


CONDITION  BASED  MAINTENANCE 
LUBRICATION  SYSTEM  TESTING 
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OPTICAL  OIL  DEBRIS  MONITOR 

TECHNICAL  OBJECTIVE 
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TECHNICAL  APPROACH 
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ISSUES  TO  BE  ADDRESSED  BY  BREAKOUT  GROUPS 


1.  FAILURE  MECHANISM  models 

2.  FOR  WHICH  FAILURE  MODES/TYPES? 

3.  WHAT  USEFUL  MEASUREABLE  INFORMATION  COMES  OUT 

OF  COMPONENT? 

4.  HOW  CAN  IT  BE  MONITORED? 

Sensors 

-  Oil  Analysis  Issues  (e.g.,  debris,  chemistry) 

•  Physical  State(s) 

5.  DATA  PROCESSING 

•  Real  Time  Analysis 

•  Multichannels 

6.  DECISIONMAKING 

-  Probabilistic  Aspects 

•  Stochastic/Nonlinear  Aspects 

7.  DATABASE  DEVELOPMENT 


Four  groups  were  formed  to  discuss  the  issues  of  conditioned  based  maintenance 
relative  to  the  disciplines  of  Chemistry  &  Physics,  Maintenance  &  Engineering,  Sensors, 
and  Signal  Analysis.  Suggestions  from  the  Chemistry  &  Physics  subgroup  follow.  Results 
from  the  other  subgroups  are  incorporated  in  the  Plenary  Session  reports  of  17  November, 


1993. 


Breakout  Session,  "issues' 


We  addressed  the  approaches  that  might  be  used  to  tackle  the 
three  problems  below,  listed  in  priority  order: 

1.  detection  of  fatigue  cracking  in  corrosive  environments 

a.  inspection  methods  to  detect  cracks  lOO  urn  in  size 

b.  microdetectors  for  corrosion  products 

c.  thin  film  devices  to  monitor  interface  properties 

i.  surface  chemistry  e.g.  corrosion  products 

ii.  surface  integrity  e.g.  crack  sensitive  films 

2.  detection  of  fine  (20  -  70  ^im)  debris,  both  ferrous  and 
non-ferrous,  such  as  A1  and  bronzes. 

a.  centrifuge 

b.  filter  trap  sensors 

c.  mass  detectors  such  as  quartz  crystal  monitors 

d.  in-line  chemistry  detectors  tuned  to  specific 
species  e.g.  FejOj: 

i.  Raman 

ii.  Fluorescence 

(1)  "dopant  labeled"  ceramics 

e.  thin  film  activation  detectors 

f.  zeta  potential 

g.  charged  particle  detectors 

h.  electrochemistry  with  micro-electrodes 

i.  coatings,  with  markers  based  on 

i.  ion  implantation 

ii.  multilayer  markers 

3.  monitor  oil  condition  and  additive-depletion  of 
lubricants. 

a.  fluorescence  of  oxidized  products 

b.  additive-depletion  using  chemical  microsensors 


Irwin  Singer,  Scribe. 


QUANTITATIVE  NON-DESTRUCTIVE  EVALUATION 

( QNDE ) 

FOR 

CONDITION-BASED  MAINTENANCE 

J.  D.  ACHENBACH 

CENTER  FOR  QUALITY  ENGINEERING  AND 
FAILURE  PREVENTION 

NORTHWESTERN  UNIVERSITY 

EVANSTON 


IL  60208 


Jan  Achenbach,  "Quantitiative  Non<Destructlve  Evaluation  for  Conditioned  Based  Maintenance' 


POINTS'IN  LIFE  CYCLE  WHEN  QNDE  IS  NEEDED 


1.  DESIGN  OF  COMPONENT 

2.  CONTROL  OF  PROCESSING  OF  BASIC 
MATERIALS 

3.  CHECK  THAT  QUALITY  OF  INCOMING 
MATERIAL  IS  SATISFACTORY  FOR 
ADDING  MANUFACTURING  VALUE 

4.  CHECK  OF  INTEGRITY  OF 
MANUFACTURED  COMPONENTS 

5.  DETERMINATION  OF  IN-SERVICE 
DEGRADATION 


—  (2  ~ 


iN-SERVICE  DAMAGE 

®  FATIGUE  DAMAGE  :  MATERIAL  DETERIORATION 
I  CRACK  (  NEAR  STRESS  RAISER  ) 

I  WEAR 

I  CORROSION 

ADHESIVE  FAILURE 

I  IMPACT  DAMAGE  (  COMPOSITES  ) 

I  MOISTURE  INFILTRATION 


'PROBABILITY  OF  DETECTION  (  POD  ) 

DAMAGE  TOLERANT  DESIGN  PHILOSOPHY 

RETIREMENT  FOR  CAUSE 

REPAIR 
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'oming  apart  at  the  seams?  A  19-year-old  Boeing  737  split  apart  last  April  along  a  weak  skin 
pike  that  had  been  the  subject  of  concern  since  1972. 

NEWS  &  COMMENT  595 


Figure  S.7A 


UPPER  SKIN 


CRACK  ORIGIN 


TYPICAL  CRACK 
PROPAGATION 


Figure  5.7B 

Figure  S.7A  end  S.7B  Lep  Joint  And  Creek  Formetlon 


I 
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DAMAGE  GENERATION 


I  SIGNAL  :  ACTIVE,  PASSIVE 

I  EXAMPLES  : 

PASSIVE  :  ACOUSTIC  EMISSION 
I  THERMAL 

I  MAGNETIC 

ACTIVE  :  ULTRASOUND 
'  EDDY  CURRENTS 

I  X-RAY 

I  THERMAL  WAVES 

OPTICAL  INTERFEROMETRY 
'  E-M  WAVES 

2.  SENSOR(S) 

3.  MEASUREMENT  MODEL 

4.  DATA  COLLECTION 

5.  DATA  PROCESSING 

6.  INTERPRETATION 

HUMAN 

EXPERT  SYSTEM 
NEURAL  NETWORK 

7  CORRECTIVE  ACTION 


PURPOSE:  TO  PREDICT  FROM  FIRST  PRINCIPLES  THE  MEASUREMENT 


SYSTEM’S  RESPONSE  TO  SPECIFIED  ANOMALIES  IN  A 
GIVEN  MATERIAL  OR  STRUCTURE 

1 

1 

I 

(CRACKS,  VOIDS,  DISTRIBUTED  DAMAGE,  CORROSION,  ETC.) 

REQUIRES  CALCULATION  OF :  GENERATION 

PROPAGATION 

REFLECTION 

TRANSMISSION 

SCATTERING 

RECEPTION 

OF  ULTRASOUND 


BENEFITS : 

1 .  DESIGN  AND  OPTIMIZATION  OF  EFHCIENT  TESTING 
CONHGURATIONS 

2 .  INTERPRETATION  OF  DATA 

3 .  DETERMINE  POD  (PROBABILITY  OF  DETECTION) 

4.  IDENTIFY  CHARACTERISTIC  FEATURES,  INVERSE  PROBLEM 

5 .  DEVELOP  TRAINING  SET  FOR  NEURAL  NETWORK  AND/OR 
KNOWLEDGE  BASE  FOR  EXPERT  SYSTEM 


WEDGE 


I 


Fig.  12.  Selected  ultasonic  probe  types  (see  Fig.  10  for 
contact  probe),  (a)  Imrreision.  (b)  Focussed  immersion,  (c) 
Contact  angle  shear. 
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LASER-BASED  ULTRASONICS 


QBJECnyiES 

To  exploit  the  advantages  of  laser-based  ultrasonics  for  NDE  of  aircraft 
structures: 

Non  Contact 

*  Point  Generation  and  Detection 

.  Wide  Frequency-Band  Measurements 

.  Curved  Surface  Applicability 

.  Absolute  Displacement  Calibration 

.  Both  Broad  Band  and  Narrow  Band  Signal 
Generation 

.  Easy  Scanning 

.  Remote  Application  by  Use  of  Fiber  Optics 


The  technique  uses  a  laser  or  a  transducer  to  excite  ultrasound  and  a  dual¬ 
probe  laser  interferometer  for  the  measurement  of  ultrasonic  signals. 


LASER-BASED  ULTRASONICS  FOR  QNDE 


Schematic; 


Applications  Implemented: 

•  Characterization  of  Surface  Roughness 

•  Evaluate  Fatigue  Damage 

•  Determine  Material  Anisotropy 

•  Measure  Thin  Film  Elastic  Constants 

•  Detect  Cracks  in  Fuselage  Panel 

•  Fiber  Guided  Remote  Crack  Detection 


Crack 


DIAGRAM  OF  THE  DUAL-PROBE 
FIBER  INTERFEROMETER 


APPUCATION  OF  NARROW  BAND  SIGNAL 
GENERATION  AND  DUAL-PROBE  DETECTION 
TO  RIVET  CRACK  INSPECTION 


Specimen  Schematics 


crack  crack 


Circumferential  Scan 


Radiai  Scan 


Signal  in  Time  Domain 


Signal  in  Frequency  Domain 


Amplitude  (Arbitrary  Unit)  Amplitude  (Arbitrary  Unit) 


Dual-Probe  Fiber  Interferometer  Detection 
with  Laser  Generated  Narrow-Band  Signal 


I 
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Circumferential 


Ultrasound  Detection  using 
Fiber  Optic  Fabry  Perot  Sensors 


full  mirror 


-  Ultrasound  induces  length  and  refractive  index  changes  in  fiber 
producing  phase  shifts  of  light  in  fiber 

-  Phase  differences  between  the  light  reflected  from  the  full 
mirror  and  the  partial  mirror  cause  changes  in  the  intensity 
of  light  reflected  from  the  Fabry  Perot  cavity 


Phase  Shift 


-  Large  amplitude  signals  produce  large  phase  shifts  and  the  reflected 
intensity  sweeps  through  several  maxima 

-  Ultrasound  produces  small  phase  shifts  and  the  reflected  intensity 
oscillates  about  a  point 

-  From  the  measured  light  intensity  output  and  knowledge  of  the 
Fabry-Perot  sensor  response,  the  ultrasonic  signal  can  be  obtained. 


Ultrasoiand  Detection  using  Fiber  Optic  Fabry-Perot 


Ultrasound  Detection  using  Transducer 


generating  transducer 


function 

generator 


3.5  MHz  tiree  cycle  tone  burst  detected  with  FOFP 
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3.5  MHz  tiiree  cycle  toneburst 
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Ultrasonic 

Measurement 


Fig.  3  Neural  network  system. 
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.  Bias  unit  Bias  unit 

Sensory  Association  Response 

units  units  units 


Fig.4  Three-laycrcd  feedforward  network 

and  an  input  signal,  teaching  signal  and  bias  units. 


Quantitative  Non-Destructive  Evaluation  is  a  systems  approach  which  integrates  the 
identification  of  appropriate  state  variables  defining  damage  states  and  failure  criteria  with 
diagnostic  techniques  using  suitable  sensors,  measurement  models  and  data  processing 
techniques  to  predict  the  reliability  and  safety  of  components. 

Quantitative  Non-Destrucdve  Evaluation  is  the  most  important  component  of  an 
interdisciplinary  approach  to  Condition-Based  Monitoring. 
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Aluminum  nitride  thin  film  sensor  for  force,  acceleration,  ana  acoustic 
emission  sensing 
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To  meet  the  real-time  process  monitoring  and  control  needs  in  machining  automation, 
aluminum  nitride  thin  film  sensors  have  been  implemented  on  WC-Co  cutting  inserts  by  rf 
sputtering.  These  piezoelectric  sensors  detect  force,  acceleration,  and  acoustic  emission  signals. 

Method  of  constructing,  characterizing  and  evaluating  AIN  piezoelectric  sensors  are  presented 
here.  It  is  shown  that  e-axis  oriented  AIN  films  can  be  deposited  on  WC-Co  substrates  to  sense 
force,  acceleration  and  acoustic  emission  signals.  As  the  transducer  characteristics  vary  with  rf 
sputtering  conditions,  parametric  studies  have  been  carried  out  to  determine  “best  processing” 
conditions  to  obtain  the  needed  transducers  sensitivities  and  process  reproducibility.  Results  of 
these  studies  are  also  presented  here.  It  is  shown,  in  addition,  that  AIN  films  deposited  WC-Co 
can  provide  useful  signals  even  though  the  cutting  too)  substrate  may  experience  temperature 
rise  during  use  in  metal  machining. 


I.  INTRODUCTION 

Chemical  vapor  deposition  (CVO)  and  physical  vapor 
deposition  (PVD)  processes  are  now  in  wide  use  to  im¬ 
prove  the  wear  life  of  cutting  tools.  To  secure  best  benefit 
from  the  single  or  multilayer  hard  compound  films  depos¬ 
ited  with  these  processes,  coated  tools  are  used  at  higher 
metal  removal  rates  so  that  the  tool  life  obtained  in  cutting 
is  between  20  and  60  min.  The  frequent  tool  replacement 
necessitated  by  this  is  a  problem  in  automated  machining 
since  frequent  operator  attention  is  called  for.  If  tool  re¬ 
placement  by  the  operator  is  scheduled  at  fixed  time  inter¬ 
vals,  some  tools  are  replaced  prematurely  and  some  tools 
will  continue  in  use  beyond  wear  limit,  lliis  is  due  to  dis¬ 
tributed  wear  life  common  in  coated  and  uncoated  cutting 
tools.  Weibull-distributed  life,  for  example,  is  common  in 
TiN-coated  drills.  Tool  condition  monitoring  can  be  useful 
to  overcome  the  distributed  life  problem  in  automated  ma¬ 
chining.  By  condition  monitoring,  the  actual  end  point  of 
tool  life  is  detected  so  that  every  tool  is  used  to  the  limit  of 
its  useful  life. 

Force,  acceleration,  and  acoustic  emission  signal  sensing 
are  frequently  used  to  determine  the  tool  condition  during 
machining.  Strain  gage  and  piezoelectric  crysul  dynamom¬ 
eters  can  be  used  to  sense  the  change  in  the  maniitude  and 
direction  of  the  cutting  forces  with  tool  wear'*^  to  deter¬ 
mine  the  tool  condition.  Piezoelectric  accelerometers  may 
be  used  to  sense  changes  in  vibration  modes  to  infer  tool 
condition.  Acoustic  emission  (AE)  signals  generated  dur¬ 
ing  machining  and  from  tool  fracture  may  also  be  used  for 
tool  condition  monitoring.*'* 

Thin  film  piezoelectric  transducers  exhibit  natural  fre¬ 
quencies  in  the  MHz  range.  Sputter  deposited,  piezoelec¬ 
tric  sensors,  constructed  directly  on  a  nonworldng  surface 
of  a  cutting  too),  offer  a  means  of  implementing  acousti¬ 
cally  bonded  AE  transducers  in  cutting  tools.  High  trans¬ 
ducer  sensitivity  is  realized  by  positioning  the  transducer 
close  to  the  signal  source  and  ^e  signal  distortions  avoided 


by  doing  so  can  make  less  severe  demands  on  signal  con¬ 
ditioning  circuitry.  Robust  and  aS'ordable  tool  condition 
monitoring  systems  then  become  accessible  by  integrating 
the  transduction  function  of  the  thin  film  sensor  with  the 
cutting  function  of  the  carbide  substrate. 

When  transducer  sensitivity  is  high,  by  positioning  the 
signal  conditioning  electronics  close  to  the  transducer,  use¬ 
ful  dc  as  well  as  ac  signals  can  be  secured.  Hence,  with  thin 
film  piezoelectric  transducers  force,  acceleration,  and 
acoustic  emission  signals  can  all  be  acquired  with  a  single 
sensor  to  implement  a  robust,  multiparameter  tool  condi¬ 
tion  sensing  system. 

We  have  constructed  piezoelectric  thin  Sim  transducers 
on  WC-6%  Co  substrates.  Proof-of-principle  was  demon¬ 
strated  with  ZnO  sensors.*  Sputtering  and  photolitho¬ 
graphic  processes  were  used  for  film  deposition  and  sensor 
delineation  respectively  on  commercially  available  WC-Co 
cutting  inserts.  Subsequently  aluminum  nitride  transducers 
have  been  implemented.  As  AIN  transducer  sensitivity  var¬ 
ies  with  film  deposition  conditions,  studies  have  been  car¬ 
ried  out  to  identify  the  film  deposition  conditions  which 
provide  better  transducer  sensitivities  and  yields.  Force, 
acceleration,  and  acoustic  emission  sensing  characteristics 
of  instrumented  cutting  inserts  have  been  determined.  Per¬ 
formance  characteristics  of  the  integrated  sensor  have  also 
been  evaluated  u  machining  tests.  Results  obtained  are 
presented  and  discussed  in  this  article. 

II.  EXPECTED  TRANSDUCER  CHARACTERISTICS 

Cobalt-bonded  tungsten  carbide  cutting  inserts  (square, 
triangular  and  other  standard  shapes)  are  in  wide  use  for 
machining.  Edge  dimensions  of  the  cutting  inserts  vary 
between  10  and  40  mm,  and  thicknesses  range  between  3 
and  IS  mm.  To  develop  the  notion  of  an  instrumented 
insert  with  an  integral  thin  film  piezoelectric  sensor  and  to 
estimated  the  anticipated  sensor  characteristics,  we  assume 
use  of  a  12  mm  square  cutting  insert,  3-5  mm  in  thickness. 
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Flo.  I.  (t)  Sehcmitie  of  •  thin  llm  tensor  ftbrictled  on  •  12  mm  tqutre 
WC-6%  Co  insert,  (b)  WorUni  eonfifurttion  of  the  instrumented  insert 
in  the  tool  holder.  An  noousiie  cmittion  transdueer  is  tiuched  to  the  tod 
holder  u  shown  to  eomperc  thin  film  tensor  perforaunce  in  the  lOO-SOO 
I1H2  frequency  htnd  •{liiut  ibtl  of  •  eommerdtl  AE  tenser. 


shown  in  Fig.  1(a).  An  insert  of  this  type  is  held  in  a  tool 
holder  during  use  with  finger  clamps  of  the  form  shown  in 
Fig.  1(b). 

An  instrumented  cutting  insert  is  realized  by  depositing 
a  piezoelectric  thin  film  sensor  on  the  lower  surface  of  the 
insert  and  overlaying  it  with  a  metal  electrode.  To  prevent 
electrical  shorting  during  use,  the  tensor  is  encapsulated 
with  an  insulating  layer.  A  small  opening  is  provided  on 
the  lower  tide  of  the  insulating  layer  to  make  electrical 
contact  with  the  piezotransducer.  The  substrate  serves  as 
the  ground  electrode  of  the  piezosensor.  One  way  of  im¬ 
plementing  an  instrumented  insert  is  shown  schematically 
in  Fig.  1(a). 

A  10  mm  square  tensor  can  readily  be  implemented  on 
a  12  mm  square  cutting  insert.  If  the  tensor  implemented  is 
2  |xm  thick,  expected  charge  or  voluge  sensitivities  of  the 
transducer  can  be  estimated  from  piezoelectric  equations. 
Let  D,  T,  and  S  represent  the  electric  field,  electric 
displacement,  stress  and  strain  respectively.  Taking  the 
dectric  field,  strain,  etc.,  to  be  m  the  tame  direction,  and 
assuming  a  linear  dastic  material,  the  piezodectric  equa¬ 
tions  are: 

D-i/r-Fe^E,  (I) 

S-J®r-K/'E,  (2) 

where  e^  is  pemuttivity  at  constant  stress  and  it  com¬ 
pliance  at  constant  field.  If  the  transducer  surface  area  is 


not  changed  by  the  stress  applied,  then  it  the  piezo¬ 
dectric  charge  constant  in  CN~'  units.  Inverting  Eq.  (I) 
yields 

E*=gTd-D(c’')-'.  (J) 

Here  gsd/e*^  is  the  piezoelectric  voluge  constant. 

Taking  the  sensor  to  be  nude  of  ZnO  or  AIN,  and  as¬ 
suming  that  the  thin  film  sensor  u  constructed  such  that 
the  c  axis  of  the  film  is  normal  to  the  substrate  surface,  the 
expected  charge  sensitivities  for  the  piezotransducen  are 
estimated  from  vdues  Ubulated  by  Ikeda*  as 

ZnO:  12.4  pCN-', 

AIN:  5.0  pCN-‘. 

Relative  permittivities,  eV<oi  ZnO  and  AIN  are  10.9 
and  10.7  (dau  of  Ikeda).  For  the  assumed  transducer  di¬ 
mensions,  expected  voluge  sensitivities  of  ZnO  and  AIN 
sensors  are  therefore  2.S7  and  1.06  mV/N,  respectively. 

Temporal  response  of  a  piezoelectric  transducer,  i.e.,  the 
charge  decay  time,  b  estimated  from  the  dielectric  relax¬ 
ation  time  Tjf  given  by 

(4) 

where  p  b  resistivity  and  iffy)  b  the  dielectric  permittiv¬ 
ity.  Thin  film  piezotransducers,  however,  exhibit  much 
larger  time  constants  that  those  predicted  by  the  pe  prod¬ 
uct.  In  thin  film  piezotransducer  structures,  film  ^ckness 
f  b  much  smaller  than  the  debye  length  Lp,  and  the  large 
time  consunts  observed  have  been  attribute  to  the  large 

The  calculated  charge  and  voluge  sensitivities  for  the 
thin  film  ZnO  and  AIN  transducers  and  the  large  dielectric 
relaxation  times  possible  with  thin  film  piezoelectric  trans¬ 
ducers  suggests  that  dc  cutting  force  measuremenu  should 
be  possible  with  the  tensor  dimensions  envisaged  (10 
mm X 10  mm X 2  pm).  As  the  principal  cutting  force  under 
omnmercia)  cutting  conditions  can  range  from  100  N  to  a 
few  kN,  high  gain  (8(Mo  100  dB)  signal  amplifiers  would 
not  be  necessary  for  tool  condition  monitoring  with  thin 
film  piezotransducers. 

Since  induced  accelerations  from  10  to  100  g  or  more 
are  probable  when  the  cutting  force  on  the  tool  bolder  b 
removed  suddenly  by  cutting  insert  fracture,  it  should  be 
possible  to  Knse  tool  fracture  in  real-time  by  monitoring 
the  ac  component  of  the  transducer  signal  in  the  1-10  kHz 
frequency  range  (bandwidth  of  the  dominant  tool  holder 
natural  frequencies).  The  dbplacement  amplitudes  antid- 
pated  from  acoustic  emission  signab  are,  however,  very 
much  smaller,  and  most  probably  in  the  nm  range.  There¬ 
fore,  for  the  same  transducer  to  functitm  as  a  force,  accel¬ 
eration,  and  AE  transducer,  signal  conditioning  with  a 
moderau  amplifier  gain  (40-^  dB)  would  be  necessary. 

Calculated  charge  and  voltage  sensitivities  suggest  t^t 
both  ZnO  and  AIN  thin  film  sensors  can  fulfill  the  reqmre- 
ments  for  real-time  tool  condition  monitoring.  Transducer 
films  deposited  must  have  a  preferred  texture,  le.,  the  poly- 
crystalline  thin  film  transducers  deposited  must  have  c-axis 
oriented  normal  to  substrate  surface.  Signal  sensitivity  will 
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vary  with  relative  perfection  obtained  in  film  texture. 
Transducer  dc  performance  will  vary  with  film  resistivity 
with  high  resistivity  films  preferred  for  best  dc  perfor¬ 
mance. 

ill.  PRIOR  WORK  ON  PROOF-OF-PRINCIPLE 

A  number  of  materials  are  available  to  construct  piezo¬ 
electric  thin  film  transducers.  They  include  relatively  sim¬ 
ple  binary  compounds  (CdS,  CdSe,  ZnS,  ZnTe,  ZnO> 
AlN),  and  more  complex  ceramic  materials  (barium  titan- 
ate,  niobates,  PZT).  Some  of  these  materials  are  well  suited 
to  implement  piezoactive  sensors  using  PVD  processes 
(PZT,  ZnO,  AIN).  Two  of  these  materials,  ZnO  and  AIN, 
can  be  deposited  on  a  range  of  substrate  materials  using 
inexpensive  metallic  targets. 

To  demonstrate  proof-of-principlc,  ZnO  films  were  rf 
sputter  deposited  on  diamond-polished,  cutting  tool  grade 
WC-6%  Co  substrates.  The  c-axis  oriented,  colorless, 
transparent  piezofilms  (1-l.S  ftm  thick)  deposited  with  an 
undoped  zinc  oxide  target  (200  mm  diam)  were  covered 
with  sputtered  aluminum  contact  layers  (O.S  fxm).  Photo¬ 
lithographic  techniques  were  then  used  to  delineate  sensor 
geometry.  Patterned  transducers  constructed  were  overlaid 
with  glass  films  (O.S  /im;  e-beam  evaporation).  An  opening 
was  then  made  in  the  glass  layer  (photolithography  and 
etching)  to  acquire  signals  from  the  piezoelectric  trans¬ 
ducer. 

Test  stand  measurements  using  an  electromagnetic 
shaker  and  a  calibrated  force  transducer  showed  that  sat¬ 
isfactory  ZnO-based  piezosensors  can  be  implemented  on 
WC-Co  substrates.'  Machining  tests  with  instrumented  in¬ 
serts  demonstrated  that  real-time  tool  condition  sensing 
and  fracture  detection  are  both  possible  with  ZnO-based 
thin  film  sensors.’  The  transducers  constructed  exhibited 
substantia]  scatter  in  the  measured  piezoelectric  voltage 
constant  (gjj=0.022-0.072  V  m  N“';  17.1%-56%  of  zinc 
oxide  gj}  values  calculated  with  the  data  tabulated  by 
Ikeda')  and  a  large  decrease  in  gj]  in  the  25  to  110*C 
temperature  range  (— 75%-80%). 

Bulk  temperature  rises  of  2(X>-300  *C  or  more  are  com¬ 
mon  in  cutting  inserts  during  commercial  use  in  automated 
machining  systems.  Alur^'  .^m  nitride,  a  covalent-bonded 
ceramic  with  a  higher  hardness  (ffy^l2.€0  GN  m~'),  a 
larger  band  gap  (6  eV)  and  a  much  higher  usable  temper¬ 
ature  range  (1200*C)  is  therefore  a  more  appropriate 
transducer  material.  Aluminum  nitride  thin  film  piezoelec¬ 
tric  sensors  were  hence  implemented  on  carbide  cutting 
inserts.  Performance  characteristics  of  the  instrumented  in¬ 
serts  vary  as  a  function  of  AIN  film  deposition  conditions. 
Work  reported  here  is  concerned  primarily  with  this  aspect 
of  sensor  fabrication  and  evaluation  of  performance  char¬ 
acteristics. 

IV.  ALUMINUM  NITRIDE  SENSOR  CONSTRUCTION 

Aluminum  nitride  films  can  be  deposited  by  rf  sputter¬ 
ing  using  an  AIN  target  or  by  reactive  sputtering  in  an 
Ar-N]  ambient  using  an  aluminum  target.  A  l.S  kW, 
I3.S6  MHz  rf  power  supply  was  used  in  this  work  for 
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reactive  sputtering  of  AIN  from  a  2(X)  mm  diam,  high 
purity  aluminum  target.  A  diffusion-pumped,  500  mm 
diam  stainless  steel  vacuum  chamber  equipped  with  a 
throttling  valve  for  pressure  control  was  used.  Following 
throttling,  total  chamber  pressure  and  nitrogen  partial 
pressure  were  controlled  by  varying  argon  and  nitrogen  gas 
flow  rates.  MKS  Model  0258B  flow  meters  and  a  capaci¬ 
tance  ga;e  (Baratron  Model  370  HA)  were  used  to  mon¬ 
itor  gas  flow  rates  and  chamber  pressure.  The  chamber  is 
equipped  with  a  substrate  carrier  which  could  be  heated  or 
cooled  as  required.  When  needed,  a  Leybold  Inficon 
Quadrex  PPC  0I7-450-GI  quadrupole  mass  spectrometer 
was  used  to  monitor  chamber  partial  pressures. 

Processing  steps  involved  in  substrate  preparation  be¬ 
fore  AlN  film  deposition  are  as  follows:  (a)  lap  commer¬ 
cial  grade,  WC-6%  Co  cutting  tool  insert  substrates  on 
cast  iron  laps  using  progressively  smaller  diamond  grits  till 
the  substrate  surface  is  “mirror  finished"  and  free  from 
scratches;  (b)  acetone  clean  in  an  ultrasonic  bath  for  5 
min;  (c)  methanol  clean  in  an  ultrasonic  bath  for  5  min; 
(d)  clean  with  fresh  isopropyl  alcohol  in  an  ultrasonic  bath 
for  5  min,  (e)  D1  rinse,  Nj  blow  dry  and  load  immediately 
into  the  vacuum  chamber.  Coating  chamber  was  usually 
pumped  over  night  (16-20  b)  to  obtain  base  pressure  in 
the  low  10"’  Torr  range.  Before  each  coating  run,  sub¬ 
strates  to  be  coated  were  preheated  to  473  K  for  1-2  h  at 
base  pressure. 

The  target  was  presputtered  for  1  h  with  a  shield  in 
position.  Presputtering  and  film  deposition  were  carried 
out  in  an  Ar-N}  ambient.  All  sputtering  operations  were 
carried  out  at  a  chamber  pressure  in  the  mTorr  range  and 
cathode  power  in  the  200-900  W  range.  The  matching 
network  used  kept  the  reflected  power  below  10  W  during 
all  phases  of  film  deposition.  Measured  film  deposition  rate 
under  the  sputtering  conditions  used  was  in  the  0.2-0. 5  pm 
b~'  range.  Typical  coating  runs  lasted  some  4-8  h  to  ob¬ 
tain  2  pm  thick  transducer  films.  Due  to  electron  and  ion 
bombardment,  substrate  temperature  tended  to  rise  during 
film  deposition.  A  substrate  holder  temperature  control 
system  was  used  to  select  and  maintain  the  desired  sub¬ 
strate  temperature. 

Without  breaking  vacuum,  a  0.6  pm  thick  aluminum 
contact  layer  was  deposited  on  top  of  the  AIN  layer  in  a 
subsequent  sputtering  run  after  shutting  off  gas  flows  and 
reaching  a  b^  pressure  of  less  than  Sx  10"’  Torr.  This 
usually  required  some  10-16  hour  delay  between  AlN  and 
A1  deposition.  Aluminum  cathode  was  presputtered  svith  a 
shield  in  position  for  30  min  to  remove  traces  of  nitrogen- 
poisoned  layers  from  the  cathode  surface,  and  the  metal 
film  was  then  laid  at  a  chamber  pressure  of  8  mTorr  in  a 
100%  Ar  ambient.  Film  deposition  was  carried  out  at  a 
cathode  power  of  400  W  svith  substrates  maintained  at  373 
K.  Film  deposition  rate  obtained  was  1  pm/h.  Hence  the 
electrode  layer  could  be  deposited  in  a  40  min  coating  run. 

Transducer  geometry  was  photo-lithographically  delin¬ 
eated  by  spinning  on  Shipley  SI 400-27  photoresist  at  3000 
rpm  for  25  s  (1.5  pm  per  spin  cycle;  2  cycles  for  2.0  pm 
total  resist  thickness),  soft  b^ng  the  resist  at  363  K  for  30 
min,  exposing  the  resist  svith  a  photomask,  and  developing 
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the  resist  (S:I  (teveloper-DI  water  solution)  for  30  s.  Fol¬ 
lowing  OI  rinse  and  Nj  blow  drying,  unwanted 
transducer/conuct  layer  film  around  the  periphery,  de¬ 
fined  by  patterning,  was  etched  ofi'in  a  1:1  DLHCl  solution 
(30  min  etch).  To  encapsulate  the  transducer,  a  sol-gel 
film  of  Glassclad  PS  233  was  spun  on  at  700  rpm  for  20  s 
(O.S  pm  per  spin  cycle;  3  cycles  for  l.S  pm  total  thickness) 
and  hard  baked  for  2  h  at  373  K.  Electrical  access  to  the 
aluminum  electrode  layer  was  obtained  by  using  a  “stop- 
ofi"  before  spinning  on  the  sol-gel  layer  and  removing  the 
stop-off  with  a  solvent. 

Ihe  completed  transducer,  thus,  has  a  WC-Co  sub¬ 
strate  which  serves  as  the  ground  electrode  of  the  piezosen¬ 
sor  and  a  sol-gel  film  encapsulation  layer  with  a  small 
opening  in  it  for  signal  acquisition. 

V.  SENSOR  CHARACTERIZATION  AND 
EVALUATION 

A.  Sensor  characterization  with  x-ray  peak  height 
measurements 

Performance  characteristics  of  fabricated  sensors  de¬ 
pend  on  the  piezoelectric  properties  of  the  transducer  film. 
For  the  t  tnsducer  to  be  sensitive  to  the  normal  forces 
applied,  the  polycrystalline  AIN  films  deposited  must  have 
c-axis  oriented  normal  to  the  substrate  surface.  Piezoelec¬ 
tric  voltage  sensitivity  of  the  sensor  degrades  rapidly  with 
deviation  from  perfection  in  the  preferred  texture.  X-ray 
diffractometry  was  used  to  assess  this  aspect  of  film  quality 
with  AIN  x-ray  peak  height  (0002  peak  at  26s 36.04*)  as 
a  measure  of  texture  perfection.  An  x-ray  diffractometer 
with  a  copper  target  operating  at  a  fixed  acceleration  volt¬ 
age,  beam  current,  detector  voltage,  and  scanning  speed 
was  used.  Peak  heights  (counts)  were  determined  as  a 
function  of  sputtering  conditions  to  identify  the  “best  pro¬ 
cess”  for  sensor  film  deposition. 

B.  Sensor  evaluation  for  quasl-static  force  sensing 

When  a  quasistatic  load  is  applied  normal  to  the  AIN 
sensor  surface,  force  applied  can  determined  by  measur¬ 
ing  the  charge  output,  dc  sensitivity  of  AIN  films  deposited 
on  yffC-Co  and  silicon  substrates  were  determined  in  an 
MTS  load  frame.  A  charge  amplifier  built  for  use  with  thin 
film  transducers  (Fastman,  Inc.,  Bethlehem,  PA)  permit¬ 
ted  the  measurement  of  the  charge  signal  generated  in  re¬ 
sponse  to  an  applied  load.  Piezoelectric  charge  constant 
dji,  is  determinttl  directly  under  quasisutic  loading  con¬ 
ditions. 

C.  Sensor  evaluation  for  acceleration  sensing 

The  sensitivity  of  the  piezotransducer  to  low  frequency 
dynamic  signals  was  determined  in  a  purpose-built  test 
sund.  A  PZT  disc,  50  mm  in  diameter  (2  in.  diam)  and  3 
mm  in  thickness  (1/8  in.),  driven  at  1  kHz  was  used  to 
apply  a  time-dependent  force  to  the  instrumented  insert 
held  between  the  PZT  driving  crystal  and  a  KJstler  Model 
912  H  load  cell.  Drive  signal  obtained  from  a  Krohn-Hite 
Model  3400  B  function  generator  was  used  to  drive  a  field 
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effect  transistor  (FET)  power  amplifier  which  in  turn  was 
used  to  excite  the  PZT  driver.  Calibrated  load  cell  signal 
was  amplified  with  a  Kistler  Model  3004  charge  amplifier. 
Unamplified  voltage  signal  from  the  instrumented  insert 
and  the  load  cell  signal  were  simultaneously  tracked  and 
recorded  in  a  digital  oscilloscope. 

This  test  provides  voltage  signal  AK  generated  by  the 
application  of  a  time-dependent  Aff  force,  to  derive  a  “gen¬ 
erator  coefficient"  G  (different  from  ^33)  defined  as  below. 
Let  P  be  the  polarization  and  s  the  strain  in  a  piezoelectric 
material.  For  a  piezoelectric  functioning  in  the  generator 
mode,  C  is  defined  as 

G=aP/ail^  Cm-*,  (5) 

where  ^  is  the  electric  field.  Since  s—a/E,  where  £  is  the 
elastic  modulus, 

C=£aP/aolf  Cm-*.  (6) 

Application  of  an  incremental  force  A£  to  the  piezofilm 
generates  a  change  in  polarization,  i.e.,  an  incremental 
charge  LQ.  Capacitance  C  of  the  sensor  comprised  of  the 
two  electrodes  with  an  intervening  layer  of  a  piezoelectric 
material  with  a  dielectric  constant  e,  responds  to  A^  by 
exhibiting  a  change  in  voltage  AF  corresponding  to  A£. 
Measured  voltage  signal  AK  and  excitation  A£  are  related 
through  the  dimensions  of  the  sensor  (area  A  and  thickness 
/)  and  the  properties  of  the  sensor  film  (e,  and  £). 

G=  (e/Fy<£/r)A F/A£  C  m-*.  (7) 

G  value  reported  is  a  composite  measure  of  film  quality 
which  includes  variations  in  permittivity  a^ccompanying 
changes  in  film  deposition  conditions,  and  is  based  on  mea¬ 
sured  A y/EF,  A,  and  r,  and  published*  values  for  e, and  £. 


D.  Sensor  evaluation  for  temperature  sensitivity  of 
the  transducer 

Temperature  dependence  of  AIN  sensors  was  deter¬ 
mined  by  equipping  the  test  stand  with  a  small  button 
heater  (MINCO  H742011S).  The  test  assembly  was 
heated  and  allowed  to  reach  thermal  equilibrium.  Standard 
contact  thermocouple  temperature  measurements  were 
made  to  determine  the  instrumented  insert/sensor  temper¬ 
ature.  Generator  coefficient  G  of  the  transducer  as  a  func¬ 
tion  of  test  temperature  was  then  determined  over  the  298- 
473  K  temperature  range  using  the  procedure  described  in 
the  previous  paragraph. 


E.  Sensor  evaluation:  Bench  tests  for  acoustic 
emission  sensing 

Acoustic  emission  characteristics  m  the  100-300  kHz 
frequency  range  were  determine  ’  by  using  the  Hsu  lead- 
fracture  test.  A  O.S  mm  diam  (grade  HB)  mechanical  pen¬ 
cil  lead  was  fractured  on  the  upper  surface  of  the  instru¬ 
mented  insert  or  seat  sensor.  Time-domain  signal  and 
frequency  spectra  from  the  AIN  insert  sensor  and  a  com¬ 
mercial  acoustic  emission  sensor  were  acquired  to  compare 


J.  Vac.  Set.  Tachnol.  A  VoL  11,  No.  S,  S«p/Oct  1993 


2441 


Zhang  •(  al.:  Aluminum  nltf1d«  thin  film  Mnsor 


3441 


the  A£  signal  sensing  characteristics  of  these  two  sensors. 
The  commercial  AE  sensor  was  attached  to  the  lower  face 
of  the  tool  holder,  as  shown  in  Fig.  1(b). 

F.  Sensor  ovaluatlon:  Acoustic  emission 
characteristics  In  cutting  tests 

To  assess  the  AE  sensing  characteristics  of  the  instru¬ 
mented  insert  during  metal  machining  turning  tests  were 
carried  out  in  a  numerically  controlled  lathe.  Medium  car¬ 
bon  steel  work  pieces  were  machined  at  a  cutting  speed  of 
3.S  m  s~'.  Feed  rates  and  depth  of  cut  used  were  0.23  mm 
per  revolution  and  2  mm,  respectively.  Signals  from  the 
thin  film  AIN  sensor  and  a  commercial  AE  sensor  [at¬ 
tached  to  the  too]  holder  as  shown  in  Fig.  1(b)]  were 
acquired.  A  100-500  kHz  band-pass  filter  was  used. 

VI.  RESULTS 

A.  Effect  of  proceaa  variables  on  film  quality 
determined  with  x-ray  peak  height  measurements 

Variations  in  sputtering  conditions,  i.e.,  the  coating 
pressure,  coating  ambient,  cathode  power  and  substrate 
temperature,  afiect  film  texture,  i.e.,  sensor  film  quality. 
Peak  height  determined  with  x-ray  diffraction  analysis  was 
used  for  process  development.  Figure  2(a)  shows  the 
(0002)  peak  from  an  AIN  film  deposited  on  silicon.  Peak 
profiles  obtained  by  x-ray  diffraction  scanning  a  WC-Co 
insert  are  shown  in  Fig.  2(b).  A  corresponding  pattern 
from  a  WC-Co  insert  covered  with  rf  sputtered  aluminum 
nitride  is  shown  in  Fig.  2(c). 

In  films  deposited  with  good  c-axis  orientation,  (0002) 
planes  lie  parallel  to  the  substrate  surface.  The  dominant 
peaks  observed  at  20=36.04*  in  Figs.  2(a)  and  2(c)  indi¬ 
cate  that  the  c  axis  of  the  polyciystalline  AIN  film  is  ori¬ 
ented  normal  to  the  surface  of  both  the  silicon  wafer  and 
WC-Co  insert.  X-ray  diffraction  trace  of  the  WC-Co  sub¬ 
strate,  Fig.  2(b)  shows  a  dominant  peak  at  33.8*,  which 
makes  it  difficult  to  separate  the  AIN  peak  at  36.04*  from 
the  3S.8*  peak  in  the  WC-Co  substrate.  This  difficulty  was 
handled  by  comparing  ratio  of  heights  of  the  two  dominant 
peaks  observed  and  deriving  the  increment  due  to  AIN  in 
the  largest  peak. 

Selected  data,  from  a  large  number  of  process  develop¬ 
ment  runs,  demonstrating  the  influence  of  sputtering  pro¬ 
cess  variables  on  AIN  film  texture  on  silicon,  is  presented 
in  Table  I.  X-ray  peak  height  in  counts/second  and  the 
measured  G  coefficient  are  taken  to  be  the  primary  indica¬ 
tors  of  transducer  film  quality. 

Transducer  elements  deposited  at  9  mTorr  total  pres¬ 
sure  in  a  50-50  argon-nitrogen  ambient  yielded  transduc¬ 
ers  with  the  most  sensitivity.  Intensity  of  the  (0002)  peak 
observed  indicates  that  these  films  have  good  c-axis  orien¬ 
tation.  Performance  of  sensor  suffered  as  the  Nj  partial 
pressure  is  reduced,  presumably  due  to  loss  of  stoichiom¬ 
etry.  It  was  noted  that  the  resistivity  of  the  fiilm  produced 
also  decreased  with  a  decrease  in  N]  partial  pressure,  im¬ 
plying  deposition  of  a  metal  rich  film.  Depositions  made  at 
a  lower  total  gas  pressure  exhibited  reduced  piezoelectric 
sensitivity.  Possible  reasons  for  this  were  not  examined. 
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FIO.  2.  (»)  X-ny  diffnetoaxter  u*cc  from  AIN  on  silicon  showing  the 
(0002)  peak  demonstnling  c-aiis  orientation  of  the  AIN  Urn.  Copper  Ka 
radiation  with  a  wave  length  Aw  I.S42  A.  (b)  X-ray  dUfractometer  trace 
from  a  tVC-Co  cutting  tnacn.  Dominant  peak  at  29<«3S.r  is  dose  to 
AIN  ((.J02)  peak.  Copper  Ka  ladiation.  (c)  X-ray  diffractometer  trace 
from  AIN  Um  on  a  WC-Co  coning  msert.  Sobatrate  peak  at  20>*3S.r 
overlaps  AIN  (0002)  peak  at  29a>  36.04*  copper  Ka  radiation. 


Increasing  the  total  gas  pressure  tended  to  reduce  film  dep¬ 
osition  rate,  without  improving  filir  quality.  Based  on  the 
results  from  parametric  studies,  all  subsequent  film  depo¬ 
sitions  were  made  at  a  total  system  pressure  of  9  mTorr  in 
a  50:50  argon-nitrogen  chamber  ambient  Transducers  fab¬ 
ricated  exhibited  sensor  resistance  b  the  high  megaohm 
range  implymg  minimum  film  resistivity  b  the  10*  R  m~' 
r*nge. 

Substrate  preheatbg  is  required  to  obtab  well-oriented 
polycrystallbe  films.  Mabtainbg  a  stable  temperature 
during  film  deposition  tended  to  yield  higher  quality  sen¬ 
sors.  Substrate  temperature  control  during  tputterbg  re¬ 
quired  substrate  bolder  coolbg  to  maintab  a  constant  tern- 
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Table  I.  Mcuured  Aluniinum  nitride  Um  cbnncteristkt  ns  ■  (unction  of  iputterinf  conditions. 


Run 

Na 

Temperature 

(K) 

Power 

(W) 

Pressure 

(mTorr) 

0002  peak  (a  ray) 
(cps.  AJN  on  silicon) 

Cooelhcicnt 
(Cm*’  on  silicon) 

901021 

373 

900 

10;(40%Ar/60%N,) 

<100 

<0.08 

901102 

363 

900 

10;(60%Ar/40%N]) 

1700 

0.33 

90I02S 

341 

900 

10:(3(«fcAr/30%N,) 

1020 

0.31 

901023 

303 

900 

10;(S0%Ar/S0«N,) 

<100 

<0.10 

901103 

363 

700 

l0;(30%Ar/30%N,) 

2230 

0.39 

901101 

363 

630 

Sl(30%Ar/309l>N,) 

630 

0.24 

910713 

348 

630 

9;(S0%Ar/30%N,) 

3300 

0.40 

920211 

333 

630 

9;(50*Ar/S096N,) 

6000 

0.43 

penture.  Effect  of  substrate  temperature  was  explored  by 
film  deposition  at  498,  S23,  S48,  S73,  and  S98  K.  Films 
sputtered  at  lower  temperatures  (r<523  K)  showed 
poorer  (0002)  orientation.  Higher  substrate  temperature 
(r>  S73  K)  during  film  deposition  did  not  yield  any  im¬ 
provement  in  film  orientation.  All  subsequent  film  deposi¬ 
tion  runs  were  made  at  SS3  K  with  a  cathode  power  of  6S0 
W. 

Oxygen  level  in  the  vacuum  background  was  found  to 
have  a  significant  effect  on  film  orientation  (oxygen  back¬ 
ground  at  base  pressure  was  monitored  with  the  mass  an¬ 
alyzer).  Residua)  oxygen  tends  to  form  AI2O3  in  the  early 
stages  of  film  growth  and  apparently  prevents  the  AIN 
crystallites  from  growing  with  the  desirol,  oriented  micro¬ 
structure.  In  several  sputtering  runs,  even  under  the  opti¬ 
mum  sputtering  conditions,  good  quality  films  could  not  be 
made  because  of  leak  or  poor  vacuum  teckground.  Partic¬ 
ular  care  was  exercised  to  assure  low  oxygen  background 
before  AIN  film  deposition. 

Sputtering  conditions  identified  in  this  section  were  de¬ 
termined  from  a  large  number  film  deposition  runs  carried 
out  to  identify  the  best  processing  conditions  to  obtain 
‘good’  transducer  characteristics  on  silicon.  The  same  film 
deposition  conditions  yielded  good  quality  transducers  on 
WC-Co  substrates  as  well. 

B.  AIN  piezoelectric  film  response  In  quesistatic 
loading  testa 

Measured  transducer  sensitivity  under  quasistatic  load¬ 
ing  conditions  in  the  MTS  load  frame  in  one  of  the  trans¬ 
ducers  constructed  is  ^33=3.16  pCN~'  for  2  pm  thick 
AIN  film  deposited  on  silicon.  A  transducer  constructed  on 
a  WC-Co  substrate  under  identical  film  deposition  condi¬ 
tions  exhibited  a  sensitivity  of  <(33=1.67  pC  N"'.  In  both 
cases  the  transducers  exhibit  excellent  linearity,  as  may  be 
seen  from  Figs.  3(a)  and  3(b).  Measured  piezoelectric 
charge  coefficients  arc  smaller  than  those  expected  from 
bulk  values  for  AIN  (^33=5.00  pCN~')  reported  by 
Ikeda.* 

C.  AIN  thin  film  sensor  response  In  low  frequency 
•xcttatlon  tests  and  process  reproducibility 

Process  reproducibility,  i.e.,  process  yield,  is  furly  high. 
This  is  shown  by  the  transducer  response  in  the  more  easily 
carried  out  ac  excitation  tests  at  1  kHz.  Measured  genera¬ 


tor  coefficients  G  from  six  representative  test  samples  con¬ 
structed  on  silicon  and  on  WC-Co  substrates  are  presented 
in  Table  II.  As  observed  in  quasistatic  loading  tests,  trans¬ 
ducers  constructed  on  WC-^  are  less  sensitive  than  those 
constructed  on  silicon  substrates.  Excitation  signal  used 
and  the  transducer  response  observed  in  the  time  domain 
are  shown  in  Fig.  4(b).  Good  linearity  was  observed  in  all 
samples  evaluated. 

0.  AIN  thin  film  sensor  response  to  substrate 
temperature  rise 

Since  cutting  inserts  are  subjected  to  temperature  rise  of 
200  *C  or  more  during  machining,  loss  of  transducer  sen¬ 
sitivity  with  increase  in  substrate  temperature  can  limit  the 


FlO.  3.  Tcit  icsuttt  for  quisbutk  force  calibntioa  of  •lurninum  nitfide 
diin  (Um  Miuon  in  an  MTS  land  frame.  Dau  from  AIN  on  tiliooo  and 
AIN  on  WC-Co  tubstrata  are  shown. 
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TaILE  11.  Measured  characicrisiica  of  AIN  thin  film  Knson  on  Si  and  V^C-Co  (I  kHz). 


fjH  on  tilieon 

Sx 

s, 

^1 

Ss 

s. 

(Cm-*) 

0.40 

0.43 

0.37 

0.40 

0.43 

0.33 

c(«n 

2.9J 

2.37 

2.13 

2.03 

2.16 

I.M 

d»  (pC/N) 

4.72 

3.63 

3.13 

339 

3.36 

2.S0 

gyy  (mVmN"') 

49 

39 

32 

33 

3S 

31 

AlN  on  WC-Co 

n't 

»»'i 

W't 

•»’* 

C  (Cm-*) 

0.20 

0.26 

0.20 

0.24 

0.IS 

O.IS 

C(nF) 

S.02 

4.96 

4.9t 

3.16 

3.01 

4.93 

d„(pCN-') 

1.79 

2.1S 

1.71 

2.03 

1.32 

1.36 

g„(mVmN-') 

19 

24 

U 

21 

16 

17 

usefulness  of  the  instrumented  insert  To  determine  trans¬ 
ducer  temperature  sensitivity,  C  coefficient  was  measured 
at  1  kHz,  in  the  purpose-built  test  stand  with  the  heater 
power  turned  on.  Results  obtained  are  shown  in  Fig.  S. 
Over  40%  decrease  in  G  coefficient  is  observed  in  AIN 
sensors  constructed  on  silicon  wafers  in  the  300-47S  K 
temperature  range.  Over  the  same  temperature  range,  the 
transducers  constructed  on  WC-Co  substrates  exhibit  a 


Flo.  4.  (a)  Scbcmalic  of  ihe  ten  stand  used  for  ac  calibration  of  thin  Mm 
aensota  at  I  kHz  excitation  test  frequency.  To  measure  the  fenerator 
eoeflicient  as  a  fuiteiioo  of  transducer  teaipenture,  a  button  heater  is 
clamped  between  the  test  element  and  the  preload  assembly,  (b)  Drive 
aignal  used  for  cxeittiioo  and  the  sensor  response  from  a  typical  lest  run. 


loss  of  sensitivity  of  about  25%.  Measured  piezo  charac¬ 
teristics  suggest  that  aluminum  nitride  sensors  posses  use¬ 
ful  sensitivity  at  temperatures  likely  under  commercial  ma¬ 
chining  conditions. 

E.  Sensor  response  for  acoustic  emission  sensing; 
Bench  top  tests 

Time  domain  signals  obtained  from  the  Hsu- 
Breckenberry  test'®  are  shown  in  Fig.  6.  Signals  from  the 
thin  film  AIN  sensor  (Fig.  6(a)]  compare  favorably  with 
those  obuined  simuluneously  with  PAC  Model  Nano  30 
A£  transducer  [Fig.  6(b)].  Both  signals  were  band  pass 
filtered  (100-500  kHz  band).  The  same  signals  are  shown 
in  the  frequency  domain  in  Fig.  7.  All  the  principal  fre¬ 
quencies  detected  by  the  commercial  AE  transducer  are 


Tcmpurxiur*  (K) 


Flo.  S.  Mcuured  temperature  dependence  of  the  generator  ooeIRcient. 
la)  Aluminum  nitride  on  tilieon  tubitnte.  (b)  Aluminum  nitride  on 
WC-Co  Ribstraie. 
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FIG.  6.  Time  domain  ufnals  detecled  by  (a)  the  AIN  thin  film  Mnsor  on 
WC-Co  cuttini  insert  and  (b)  a  commercial  AE  tensor  atuched  to  the 
tool  holder  as  shown  in  Fi|.  1  ■  Mechanical  pencil  lead  Tracture  test  of  Hsu 
(tee  the  teat  for  details).  Signal  from  the  AE  transducer  lags  by  a  time 
corteipondint  to  the  distance  between  the  thin  film  tensor  and  the  AE 
transducer.  Frequency  content  appears  comparable. 


detected  by  the  thin  film  sensor.  An  additional  peak  close 
to  the  dominant  peak  at  100  kHz  b  also  detected  by  the 
AIN  sensor.  It  should  be  noted  that  while  the  commercial 
AE  sensor  contains  a  piezoelectric  crystal  and  a  backing 
plate,  the  AIN  sensor  b  in  a  clamped  condition  with  the 
insert  holding  finger  exerting  a  compressive  preload.  De¬ 
spite  this.  AIN  sensors  faithfully  detect  the  AE  signals 
originating  from  graphite  rod  fracture  (0.5  mm  diam;  HB 
grade). 

F.  Sensor  response  for  acoustic  emission  sensing: 
Machining  tests 

Band  pass  filtered  (70-300  kHz)  time  domain  signals 
obtained  during  machining  are  presented  as  frequency  do¬ 
main  signab  in  Fig.  8.  Every  peak  sensed  by  the  commer¬ 
cial  AE  sensor  is  also  sensed  by  the  thin  AIN  film  sensor. 
The  richer  frequency  content  of  the  thin  film  sensor  sug¬ 
gests  that  the  sensors  constructed  on  the  cutting  insert  may 
have  a  lower  damping.  Despite  the  difference  in  transducer 
boundary  conditions,  the  thin  film  AIN  sensors  perform  as 
well  as  commercial  AE  sensors  during  machining. 

VII.  DISCUSSION 

Film  deposition  conditions  appropriate  to  deposit  piezo- 
electrically  active  AIN  sensors  have  been  identified  in  this 
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Fic.  1.  Frequency  domain  tigntls  detected  by  (■)  the  AIN  thin  film 
tensor  on  WC-Co  cutting  insert  (b)  a  commercial  AE  tensor  attached  to 
the  tool  holder  as  shown  in  Fig.  I.  Signals  were  hand  pass  filtered  (100- 
SOO  kHz).  Mechanical  pencil  lead  fracture  test  of  Hsu  (tee  the  teat  for 
details).  Frequency  content  is  virtually  identical.  Source  of  the  dominant 
peak  just  above  100  kHz  observed  in'  the  signal  from  AIN  oo  WC-Co 
insert  has  not  been  identified. 


work  with  a  group  of  parametric  studies.  It  is  shown  that 
high  resistivity  films  can  be  reproducibly  deposited  on  sil¬ 
icon  wafers  as  well  as  WC-Co  substrates  by  if  sputtering  in 
a  reactive  ambient  containing  50%  argon  and  50%  nitro¬ 
gen.  Substrate  heating  b  necessary  to  make  transducer  el¬ 
ements  with  good  sensitivity.  Presence  of  oxygen  in  the 
coating  ambient  is  detrimental. 

Piezoelectric  charge  coefficients  (djy)  obtained  in  the 
transducers  deposited  on  Si  and  WC-Co  substrates  are  ap¬ 
proximately  60%  and  35%  of  the  nominal  value  calcubt^ 
from  publbhed  data  for  AIN.  Values  reported  are  based  on 
calculation  of  charge  coeificients  using  a  simple  uniaxial 
loading  model  which  ignores  the  strains  induced  in  the  film 
by  substrate  deformation  in  transverse  directions.  An  ex¬ 
pression  can  be  written  to  calculate  charge  sensitivity 
which  takes  the  Poisson  expansion  into  account.  Lower 
charge  generation  would  be  predicted  as  Poisson  strains 
would  tend  to  partially  cancel  the  charge  generated  on  the 
transducer  surface  by  the  compressive  force. 

Poisson  expansion  in  lateral  dimensions,  proportional  to 
the  stress  applied  and  will  require  continuity  of 

dbplacements  at  the  film-substrate  interface  in  transducer 
films  well  bonded  to  the  substrates.  An  unknown,  nonuni¬ 
form,  biaxial  tensile  stress  dbtribution  will  be  generated  in 
the  transducer  film  when  the  substrate  expands  laterally  in 
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Fig.  8.  (•)  AE  frequency  spectra  obtained  from  a  machining  lest  using  a 
cutting  insert  equipped  with  the  AIN  thin  ftlm  sensor,  (b)  AE  frequency 
spectra  obtained  from  the  ume  machining  lest  using  a  commercial  AE 
transducer  attached  to  the  tool  bolder  w  shown  in  Fig.  I.  Band  pass 
Sliered  signals  (70-300  kHz).  Every  peak  detected  by  the  commercial  AE 
senscr  it  also  detected  by  the  AIN  thin  film  sensor.  See  the  text  for  details 
of  cutting  conditions. 

response  to  compressive  loading  in  th>.  thickness  direction. 

Hie  transducer-substrate  assembly  is  clamped  in  posi¬ 
tion  in  the  tool  holder  during  use  or  placed  on  a  metal 
platen  during  calibration  measurements  under  compressive 
loading.  In  both  cases  unknown  restraints  to  changes  in 
lateral  dimensions  are  introduced  by  friction.  To  avoid  the 
uncertainties  involved  in  estimating  the  actual  lateral  re¬ 
straints  a  simpler  model,  used  originally  by  White,"  u 
employed  here.  A  part  of  the  discrepancy  in  calculated 
charge  coefficients  may  be  due  to  transverse  strains  not 
taken  into  account  here. 

Sputtered  films  are  generally  stressed  and  the  film 
stresses  vary  with  deposition  conditions.  Moreover,  when 
film  deposition  is  carried  out  on  heated  substrate  holders, 
finite  cooling  stresses  occur  in  the  transducers  deposited. 
Expected  thermal  stress  oy  is 

Cr=Ef(af—a,)Ar/{\—v,),  (8) 

where  £y  is  the  Young’s  modulus  of  the  film,  a /  and  a,  are 
the  CTEs  of  the  film  and  substrate,  AT  is  the  deposition 
temperature  minus  room  temperature,  and  v,  is  the  Pois¬ 
son’s  ratio  of  the  substrate.  As  the  transducer  and  the  sub¬ 
strate  are  both  hard  compounds  (^,=  12.30  and  23.50 
GN  m“*,  respectively,  for  AIN  and  WC-Co")  and  high 
modulus  materials  (330  and  720  GPa"),  the  “as  sput¬ 
tered’’  films  are  expected  to  be  stressed.  Since  the  melting 


temperatures  of  the  transducer  and  substrate  materials  are 
both  high  (2250  and  2776  *C"),  very  little  change  in  film 
stress  would  be  expected  from  “aging".  These  unknown 
film  stresses  further  justify  the  one  dimensional  model  used 
to  calculate  dll- 

Aluminum  nitride  has  been  deposited  here  at  low  tem¬ 
peratures,  i.e.,  T/TgiP  of  the  order  of  0.20,  where  colum¬ 
nar  crystallite  growth  is  normal  in  sputtered  films.  Films 
laid  at  low  temperatures  are  known  to  be  prone  to 
self-shadowing"  with  porosity  along  the  columnar  crystal¬ 
lite  boundaries."'"  Films  produced  under  these  conditions 
are  likely  to  have  a  distribution  in  crystallite  orientations 
around  a  mean  and  are  unlikely  to  be  fully  dense.  These 
phenomena  also  tend  to  lower  the  charge  coefficient." 

The  discrepancy  in  calculated  charge  coefficients  has  a 
number  of  contributing  factors  which  include  unknown 
applied  and  intrinsic  in-plane  strains  (stresses),  deviation 
from  perfection  in  texture  generated,  columnar  structure 
and  a  level  of  porosity  accepted  to  construct  thin  film 
transducers  at  low  temperatures. 

The  generator  coefficient  G  b  found  to  decreases  as  a 
function  of  transducer  temperature,  as  shown  in  Fig.  5. 
Decrease  in  G  is  larger  for  AIN  on  Si  than  for  AIN  on 
WC-Co.  As  the  Si-AIN  composite  changes  dimensions 
more  rapidly  with  temperature  (larger  difference  in  coeffi¬ 
cient  of  thermal  expansion)  than  for  AlN-WC-Co  com¬ 
posite  (a/  is  4.5  /imm-'K”’"  for  AIN,  a,  is  2.8 
#tmm~‘K"''*  for  Si  and  a,  for  WC-6%  Co  is  5.0 
fim  m~’  K~'  "),  a  larger  loss  in  charge  sensitivity  would 
be  expected  for  the  same  temperature  rise  AT,  if  larger 
in-plane  stresses  (and  therefore  strains)  lead  to  larger 
charge  displacements  in  AIN  films.  This  is,  in  fact,  ob¬ 
served.  It  is  therefore  reasonable  to  suggests  that  the  larger 
reduction  in  charge  sensitivity  for  AIN  on  Si  is  due  to 
larger  transverse  stresses  [stresses  can  be  calculated  with 
Eq.  (8)]  imposed  by  silicon  on  AIN  films.  Tungsten  car¬ 
bide  and  aluminum  nitride  have  a  better  match  in  GTE.  A 
smaller  reduction  in  generator  coefficient  follows  for  AIN 
on  WC-C^o  with  increase  in  temperature. 

Transducers  constructed  provide  dc  signals  in  quasi¬ 
static  loading.  Sensor  response  to  low  and  high  frequency 
excitations  demonstrate  that  useful  instrumented  inserts 
with  piezotransducers  can  be  constructed.  This  is  con¬ 
firmed  by  bench  top  tests  as  well  as  machining  tests  in 
which  the  transducer-substrate  assembly  is  subjected  to 
temperature  rise  by  the  power  dissipated  during  metal  ma¬ 
chining. 

Both  ZnO  and  AIN  perform  satisfactorily  in  machining. 
However,  the  higher  hvdness  of  AIN  (H,  of  ZnO”  is  4.0 
GN  m~^),  its  modest  decrease  in  charge  coefficient  with 
increase  in  temperature  due  to  a  better  nutch  in  CTE  and 
the  much  higher  useful  temperature  limit,  12(X)*C,^'  sug¬ 
gest  that  AIN  is  a  better  transducer  material  than  ZnO. 

VIII.  SUMMARY  AND  CONCLUSIONS 

Piezoelectric  thin  film  sensors  for  force,  acceleration, 
and  acoustic  emission  sensing  based  on  sputtered  AIN 
films  have  been  developed.  AIN  thin  film  sensors  are  fab¬ 
ricated  directly  on  WC-G^  substrates  in  a  reactive  ambi- 
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cut  Fdm  deposition  conditions  to  reproducibly  construct 
this  class  of  sensors  have  been  determined  through  para¬ 
metric  studies.  Good  c>axis  orientation  is  readily  obtained 
to  construct  AIN  thin  film  sensors  sensitive  to  normal 
forces  on  both  silicon  and  WC-Co  substrates  by  rf  sput¬ 
tering. 

Sensors  constructed  exhibit  good  sensitivity,  linear  sig¬ 
nal  response  and  a  large  bandwidth.  AIN  films  deposited 
also  have  sufficiently  high  resistivity  to  allow  force  sensing 
under  quasistatic  loading  conditions.  Satisfactory  acceler¬ 
ation  and  AE  sensing  characteristics  are  obtained  with  rf 
sputtered  AIN  films  laid  on  WC-Co  substrates. 

Unlike  ZnO  sensors,  AIN  sensors  deposited  on  WC-Co 
substrates  do  not  exhibit  large  losses  in  signal  sensitivity 
with  increase  in  tool  temperature.  This  is  due  to  a  much 
better  match  in  CTE  for  AIN  films  on  WC-Co  cutting 
inserts.  Force,  acceleration  as  well  as  acoustic  emission 
signals  can  be  tracked  in  real  time  to  implement  single 
parameter  or  more  robust  multiparameter  tool  condition 
monitoring  systems  to  automate  machining. 

Cutting  inserts  vrith  integral  sensors  have  been  evalu¬ 
ated  in  cutting  tests  in  a  computerized  lathe.  Machining 
conditions  used  were  comparable  to  those  employed  in 
commercial  cutting  practice.  Instrumented  inserts  perform 
satisfactorily  in  laboratory  tests.  Field  trials  carried  out 
indicate  that  the  sensor-equipped  inserts  are  suitable  for 
real-time  tool  condition  sensing  under  commercial  machin¬ 
ing  conditions. 

Trials  have  also  been  carried  out  in  which  the  sensor 
was  constructed  on  WC-Co  tool  seats  (see  Fig.  I)  as  op¬ 
posed  to  cutting  inserts.  Although  the  thin  film  sensor  is 
now  some  3-S  mm  farther  away  from  the  cutting  edge,  seat 
sensors  do  not  exhibit  significant  signal  losses  and  have 
been  found  to  be  satisfactory  for  real-time  tool  condition 
sensing.  Usable  life  of  up  to  two  days  (six  8-h  shifts)  has 
been  obtained  with  seat  sensors.  Seat  sensors  with  life  up  to 
two  weeks  (30  shifts)  are,  however,  preferred  for  industrial 
use.  Future  work  on  improving  transducer  durability  may 
be  necessary,  when  senson  are  implemented  in  tool  seats. 

When  sensors  are  implemented  in  cutting  inserts,  there 
could  be  a  need  for  an  in-tool  temperature  sensor  to  com¬ 
pensate  for  the  changes  in  AIN  transducer  sensitivity  with 
changes  in  cutting  insert  temperature.  This  assumes  a  tool 
condition  monitoring  system  based  on  absolute  signal  val¬ 
ues  rather  than  relative  changes.  However,  when  the  sensor 


is  implemented  in  tool  seats,  the  transducer  is  farther  away 
from  the  cutting  edge.  Thermal  effects  are  then  less  signif¬ 
icant.  A  temperature  sensor  is  therefore  unnecessary  when 
the  thin  film  transducer  is  implemented  in  seat  sensors. 
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Block  Diagram  of  experimental  Set-up 


<iU\c 


Influence 


Influence  of  Load  on  CPD 


(ALu)  QdO  U!  96ubl|0 


time  (min) 


CPD  Change  vs  Position 


ge  vs  Position 


SCRATCH  ^5  SCRATCHES  10  SCRATCHES  ^20  SCRATCHES 


Experimental  Set-up 


4>  r«4«A(«^ 

HVT  (  ukAmA  Uh)  p««W< 


toAmp  «Vi»1A 


l4ll«W«A>«ta  A*»*( 

«•***•<  ^h^tmI  vmw(«.VU« 

•  l»V  r{(«nA  KU*Mik«K 

<  <A  T 

•  V«A*'aJk/li*Af  WiiMw 


1 

t 

I 

t 

I 

I 

ff 

I 


IMt  AMERICAN  SOCIETY  OF  MECHANICAL  ENGINEERS  ilii*  1  TID-ZS 

MS  E.  47  SU  Ntw  York.  N.Y.  10017 

TtM  Socwtr  ihdl  not  bo  lotponolblo  Iw  olMomonIt  o>  opintont  aOvoncod  in  popott  o(  In  Oit 
cultlon  ol  mooting!  el  tho  Socloly  v  ol  Ito  Oi<ltjon>  o>  Sociloni.  o>  prtntod  in  Iti  publicollont 
DiKu'ition  lo  prtniod  only  H  «io  popoi  ii  publlonoo  m  on  ASME  Joumm  Pswn  n  ovoliooio 
•rem  ASUE  lor  littoon  monitio  ollof  Itio  mooting. 

Frtntod  In  USA 


Scott  Bair 


Farrukh  Qureshi 

George  W.  Woodruff  School 
of  Mechanical  Engineering, 
Georgia  Institute  ol  Technology. 

Atlanta.  GA  30332 


Michael  Khonsari 

Department  of  Mechanical  Engineering, 
University  ol  Pittsburgh, 
Pittsburgh,  PA  1S261 


Adiabatic  Shear  Localization  in  a 
Liquid  Lubricant  Under  Pressure 

Experimental  tests  with  a  high-pressure  flow  visualization  cell  clearly  reveal  that  the 
shear  d^ormation  in  a  lubricant  flilm  at  elevated  pressures  can  localize  by  a  mech¬ 
anism  vastly  different  from  previously  reported  mechanically-induced  shear  bands. 
Verification  by  numerical  solution  of  the  energy  equation  shows  that  for  a  stress- 
controlled  experiment,  provided  that  the  Brinkman  number  is  sufficiently  large,  the 
local  temperature  experiences  a  rapid  rise.  The  rapid  rise  of  temperature  along  with 
the  local  rate  of  shear  favors  an  unstable  temperature  profile.  The  research  provides 
valuable  insight  into  the  behavior  of  lubricants  under  extreme  conditions  since  this 
phenomenon  may  be  operating  in  the  thermally  dominated  regime  of  EHD  traction. 
Furthermore,  the  fact  that  the  hot  shear  band  is  isolated  from  the  metal  boundaries 
by  a  cooler  liquid,  may  confound  recent  attempts  to  infer  the  shear  stress  distribution 
in  a  concentrated  contact  from  IR  temperature  measurement  of  the  metal  temperature 
distribution. 
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Introduction 

The  shear  characterization  of  the  thin  high-pressure  lubri¬ 
cant  films  in  concentrated  contact  has  been  a  challenge  for  at 
least  three  decades.  The  shear  rheology  of  the  liquid  under 
elastohydrodynamic  conditions  displays  several  unique  and 
interesting  features:  shear  thinning  is  observed— even  in  rel¬ 
atively  low  molecular  weight  liquids  (Bair  and  Winer,  1993). 
The  response  may  be  elastic  for  small  strains  (Barlow  et  al., 
1972).  The  liquid  may  undergo  a  glass  transition  (Alsaad  et 
al.,  1978)  and  display  essentially  rate-independent  behavior  at 
a  shear  stress  which  is  approximately  proportional  to  pressure 
at  high  pressure  (Bair  and  Winer,  1992a,  1979). 

Recent  experiments  have  revealed  that  the  rate-independent 
behavior  observed  in  high-pressure  rheometers  and  disc  ma¬ 
chines  results  from  intermittent  slip  within  the  liquid  film  along 
planes  inclined  to  the  principal  shear  direaion,  consistent  with 
the  Mohr-Coulomb  failure  criterion  applied  to  an  elastic  liquid. 
Similar  shear  bands  are  observed  during  rate-insensitive  de¬ 
formation  of  amorphous  polymers.  These  shear  bands  have 
been  observed  in  a  high-pressure  flow  visualization  cell  (Bair 
et  al.,  1992a,  1992b)  and  there  is  evidence  that  they  exist  in 
an  operating  EHD  contact  (Bair  et  al.,  1992c).  It,  therefore, 
appears  that  continued  development  of  rheological  equations 
of  state  which  consider  the  isothermal  shear  deformation  to 
be  homogeneous  are  not  likely  to  result  in  significant  advances 
in  the  field.  A  very  different  type  of  shear  localization  is  the 
subject  of  this  paper.  We  present  the  experimental  observation 
and  numerical  simulation  of  a  therm^ly  driven  localization 
similar  to  the  "adiabatic  shear  bands"  found  during  high  rate 
deformation  of  metals  (Bai  and  Dodd,  1992).  We  have  adopted 
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the  term  “adiabatic"  from  the  usage  in  plasticity  literature, 
although  the  term  is  not  strictly  correct. 


Background 

In  1967,  Flint  recognized  that  the  inhomogeneous  shear  in 
an  elastohydrodynamic  film  which  ex.:ts  ue  to  viscous  heating 
might  localize  at  or  near  the  mid-plane  where  the  temperature 
is  greatest.  If  the  shear  stress,  r,  is  uniform  across  the  film, 
the  viscous  dissipation  will  be  approximately  exponential  with 
temperature.  The  lubricating  fiim  is  generally  a  poor  thermal 
conductor.  Therefore,  as  the  temperature,  T,  rises  locally  the 
dissipation  which  generates  the  temperature  Held  rises  rapidly 
with  the  local  rate  of  shear,  y,  and  conditions  favor  an  unstable 
temperature  profile. 

The  parameter  which  characterizes  the  thermal  behavior  of 
liquid  films  in  plane  Couette  shear  is  the  dimensionless  Brink- 
man  number  (^so  known  as  Griffith  or  Nahme  number) 

(1) 


where  A  is  the  thickness  of  the  film,  jig  is  the  initial  viscosity 
at  r  =  To,  k  is  the  thermal  conductivity  of  the  liquid,  and  0 
is  the  temperature-viscosity  coefficient 
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Winter  (1977)  using  time-temperature  superposition  showed 
that  a  generalized  temperature-viscosity  coefficient  can  be  ob¬ 
tained  by  multiplying  B  by  the  strain-rate  sensitivity  coefficient, 
dlnr/dlny.  It  has  been  long  recognized  in  the  rheology  literature 
that  a  low  value  of  B,  is  a  necessary  condition  to  avoid  the 
influence  of  viscous  heating  in  continuous  shear  viscosity  meas¬ 
urement  (Walters,  1975).  However,  the  significance  of  the 
Brinkman  number  is  not  well  recognized  in  tribology.  The 
Brinkman  number  appears  as  the  coefficient  of  the  dissipation 


Discussion  on  this  paper  will  be  accepted  at  ASME  Headquarters  until  December  20,  1993 


Scott  Bair,  "Shear  Bands  In  Lubricant  Films-An  Optical  Stress  Sensor' 


d«w) 

term  in  the  dimensionless  energy  equation  and  its  value  rep> 
resents  the  degree  of  coupling  between  the  energy  and  mo¬ 
mentum  equations  (Winter,  1977  and  Tanner.  1985).  A  form 
of  B,  was  used  by  Khonsari  and  Wang  (199!)  to  analyze  journal 
bearings.  A  steady-state  solution  to  the  energy  equation  exists 
for  B,  <  3.51  when  the  temperature-viscosity  function  is  ex¬ 
ponential  (Poehlein,  1968)  and  for  B,<r^  when  the  viscosity 
varies  linearly  with  temperature  (Winter,  1971).  Experimental 
investigations  of  lubricant  constitutive  behavior  for  EHD  con¬ 
ditions  which  may  be  regarded  as  isothermal  are  performed  at 
B,  <  .3  in  high  pressure  rheometers  (Bair  and  Winer,  1990 
and  1993)  and  disc  machines  (Evans  and  Johnson,  1986).  Ther¬ 
mal  localization  phenomena  are  expected  to  manifest  at  large 
(>3.51)  values  of  B,. 

Experiment 

The  High-Pressure  Flow  Visualization  Cell  has  been  de¬ 
scribed  in  detail  elsewhere  (Bair  et  al.,  1992b).  This  device  is 
shown  schematically  in  Fig.  1.  The  liquid  lubricant  sample  is 
sheared  in  the  gap  between  a  flat  on  a  moving  shaft  and  the 
end  of  a  stationary  shaft.  The  gap  is  illuminated  and  viewed 
in  a  direction  perpendicular  to  the  direction  of  motion  and 
parallel  to  the  plane  of  the  bounding  surfaces.  The  moving 
shaft  is  pushed/pulled  by  a  gas  actuated  piston  and  this  shaft 
must  pass  through  high-pressure  closure  seals.  Motion  is  not 
continuous  reciprocation,  but  unidirectional  for  a  given  run. 

For  a  shear  rheological  measurement  during  which  rheo¬ 
logical  properties  vary  with  time,  one  would  choose  to  design 
the  experiment  following  one  of  two  idealizations  (Tanner, 
1985):  1.  rate  (of  strain)  control  where  the  relative  velocity  is 
kept  constant,  or  2.  force  (stress)  control  where  the  average 
sheat.stress  is  imposed  as  consunt.  Whereas,  it  is  known  that 
rate  control  will  not  yield  thermal  runaway  (Tanner,  1985), 
we  intend  to  show  that  in  a  stress-controlled  experiment  lo¬ 
calization  can  indeed  take  place.  The  device  shown  (a  constant 
aauating  gas  pressure  applied  to  the  piston)  would  be  ideal 
for  force  controlled  experiments;  however,  there  exists  some 
friaion  in  the  high-pressure  seals,  wluch  is  known  to  have  a 
viscous  component. 

The  liquid  lubricant  chosen  for  this  study  is  the  five-ring 
polyphenyl  ether,  5P4E  for  which  there  is  probably  the  most 
high  pressure  propeny  data  available.  The  thermal  properties, 
k  »  0.15  W/m*C  and  pC  =  1.85  MJ/m’*C,  of  Richmond  et 
al.  (1984)  and  the  rheological  properties  of  Yasutomi  et  al. 
(1984)  and  Bair  and  Winer  (1992a)  were  used.  Refractive  index 
was  measured  in  a  high  pressure  refractometer  described  by 


SP4E,22*C  INITIAL  TEMP,  172  MPa 

Fig.  2  Vtsualiutlon  el  an  edlabatlc  ahaar  bond.  Tima  la  alapaad  from 
atait  to  ahaar. 

Bair  (1993).  In  addition,  the  properties  of  this  material  have 
a  great  sensitivity  to  pressure  so  that,  at  relatively  low  pressure, 
behavior  is  observed  which  is  representative  of  many  materials 
at  much  greater  pressure. 

Regulated  compressed  nitrogen  gas  was  applied  to  the  left 
side  of  the  piston  in  Fig.  I  with  sufficient  pressure  (3  MPa) 
to  develop  an  initial  velocity  of  0.75  mm/s.  The  sample  pressure 
was  172  MPa  and  the  initial  temperature  22*C  yielding  a  vis¬ 
cosity  po  **  3  MPa*s  and  fi  »  0.6*C~'.  Although  the  piston 
force  was  constant,  the  force  contributed  by  the  seals  increased 
with  sliding  velocity  so  that  the  average  stress  applied  at  the 
shearing  gap  deaeased  with  velocity  (and  time).  A  standard 
(30  frames/second)  video  camera  recorded  the  video  prints 
shown  in  time  sequence  in  Fig.  2.  The  lower  black  objea  is 
the  stationary  boundary  and  the  upper  is  the  moving  Oeft  to 
right)  boundary.  The  gap  or  clearance  is  150  pm,  and  r  is 
obtained  from  the  product  of  im'tial  viscosity  and  the  initial 
rate  of  shear,  to  give  B,  »  6.75.  The  central  one-third  of  the 
length  (in  the  flow  direction)  is  captured  in  each  print. 

The  velocity  history  is  shown  by  the  points  in  Fig.  3 — ob¬ 
tained  by  differentiating  the  signal  from  an  LVDT  on  the 
moving  shaft.  Past  210  ms  the  velocity  exceeded  the  measure¬ 
ment  capability. 

A  striking  feature  in  the  sequence  of  images  in  Fig.  2  is  the 
abrupt  appearance  of  a  dark  band  within  the  liquid  film  at 
260  ms.  In  the  previous  frame  at  230  ms  the  band  is  absent. 
However  the  interior  of  the  film  has  begun  to  darken.  In  less 
than  30  ms  a  dark  band  has  appeared.  This  feature  faded  and 
disappeared  within  10s  after  the  interruption  of  shear.  We  show 
in  the  next  section  that  the  dark  band  is  consistent  with  the 
appearance  of  a  hot  liquid  layer  surrounded  by  cooler  liquid. 
Light  transmitted  through  the  film  should  be  refraaed  from 
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a  hot  region  to  cool  regions.  Effectively,  two  cool,  viscous 
liquid  nims  are  sliding  against  a  hot  low  viscosity  film.  The 
curvature  of  the  band  is  apparently  due  to  cool  liquid  being 
drawn  into  the  shear  gap  by  the  moving  shaft  at  the  upper  left 
of  the  prints  in  Fig.  2.  That  the  band  which  suddenly  appears 
represents  shear  localization  will  be  shown  by  the  analysis 
which  follows. 

Thermal  Analysis  of  Plane  Couette  Shear  Under  Stress- 
Controlled  Conditions 

The  statement  of  the  conservation  of  energy  translates  into 
the  following  commonly  known  as  the  energy  equation 

+  (3) 

where  the  left  member  of  the  above  equation  represents  the 
energy  transport  by  conve.tion  with  D/Dt  representing  the 
material  derivative  and  pCp,  the  volume  heat  capacity.  The  first 
term  on  the  right  denotes  the  energy  transfer  by  conduction 
followed  by  the  viscous  dissipation  term  which  is 

«  =  T7 


Fig.  3  Velocity  history 


For  the  geometry  under  consideration,  tr.e  energy  equation 
reduces  to 


dT  .  d^T 


dt  ” 


+  0. 


(4) 


where  y  is  the  coordinate  normal  to  the  direction  of  motion 
in  the  direction  of  the  film  thickness. 

If  the  Newtonian  assumption  is  adopted,  the  viscous  dissi¬ 
pation  term  becomes 

«*•  =  -. 


(5) 


where  the  viscosity,  p,  varies  exponentially  with  temperature 
(for  small  T  -  To)  prescribed  as 


The  dimensionless  form  of  the  Eq.  (4)  for  a  stress-controlled 
experiment  takes  on  the  form  given  below 


Fo  ' 


0) 


where  Fo  is  the  dimensionless  Fourier  number  defined  as 


IT  -  ^ 


and 

T=(r-ro)/J,  7  =  ^  y  =  ~. 

'ob  * 

In  defining  the  Fourier  number  above,  the  parameter  too  tep- 
resents  an  observation  time. 

Equation  (7)  was  treated  numerically  using  a  marching  tech¬ 
nique.  The  initial  and  boundary  conditions  are  maintained  at 
7  =  0.  Tne  time  history  of  the  temperature  distribution  across 
the  film  is  presented  in  Fig.  4  for  =  6.75.  As  shown,  tem¬ 
perature  rapidly  rises  in  the  center  of  the  film  at  about  0.06s 
and  becomes  unbounded  when  t  >  0.062s.  The  existence  of 
hot  eerier  temperature  surrounded  by  cooler  liquid  is  indicative 
of  the  onset  c.'  localization.  This  is  also  apparent  in  the  velocity 
profile  at  r  =  0.067'  shown  in  Fig.  4. 
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Optical  Ray  Tracing 

It  seems  reasonable  that  the  last  temperature  profile  of  Fig. 
4  would  result  in  the  appearance  of  a  dark  band  at  the  mid¬ 
plane.  However,  a  calculation  is  in  order,  to  show  that  the 
dark  band  accompanies  localization  and  that  the  band  will  not 
appear  earlier.  The  previous  thermal  analysis  yielded  temper¬ 
atures  at  fifty  equally  spaced  grid  points  within  the  liquid  film. 
We  assume  that  the  temperature  is  uniform  within  strata  cen¬ 
tered  at  these  points.  Sources  of  light  are  placed  at  each  grid 
point  across  the  film  at  one  edge  of  the  liquid  film  where 
illumination  enters.  Forty  rays  originate  from  each  source, 
equally  distributed  over  an  angular  interval  of  ±0.05  radian 
from  the  centerline  of  the  stratum.  Where  a  ray  intersects  the 
boundary  between  strata,  Snell’s  Law  is  applied.  Contact  with 
a  solid  boundary  surface  absorbs  a  ray. 

The  refractive  index,  no,  of  the  liquid  at  the  test  pressure 
and  initial  temperature.  To,  was  measured  in  a  high-pressure 
refractometer  (Bair,  1993).  The  Lorenz-Lorentz  equation  can 
be  manipulated  to  yield  an  expression  for  the  refractive  index, 
n,  at  other  temperatures  through  the  liquid  density,  p.  The 
Lorenz-Lorentz  equation  (Poulter  et  al.,  1932)  reads 

n^-1  1 

-j — r  —  =  constant 
n^+2  p 

The  thermal  expansivity  of  the  liquid  lubricant  was  supplied 
by  the  manufacturer  and  corrected  for  elevated  pressure  horn 
the  results  of  Yasutomi  et  al.  (1984). 

The  number  of  rays  exiting  the  film  gap  within  a  stratum  is 
considered  a  measure  of  the  relative  light  transmission  at  the 
grid  point  associated  with  that  stratum.  These  values  are  plot¬ 
ted  in  Fig.  4.  It  is  clear  that  the  dark  band  for  which  there  is 
relatively  little  light  transmission  is  not  present  at  60  ms  but 
is  fully  developed  at  62  ms  and  although  it  is  a  direct  conse¬ 
quence  of  the  temperature  profile  the  band  is  associated  with 
the  extreme  localization  of  shear  as  indicated  by  the  velocity 
profile  of  Fig.  4. 

Discussion 

Clearly,  the  dark  band  observed  in  the  flow  visualization 
experiment  is  due  to  a  thin  hot  layer  of  liquid  sandwiched 
between  two  cooler  layers.  This  hot  layer  represents  a  region 
where  the  shear  deformation  is  localized.  The  greatest  part  of 
the  relative  velocity  is  accommodated  within  a  small  fraction 
(-3  percent)  of  the  film  thickness.  Notably,  the  localization 
occurs  at  shorter  times  than  observed  in  experiments.  We  be¬ 
lieve  that  this  is  due  in  most  part  to  the  inability  of  the  ex¬ 
perimental  technique  to  achieve  true  stress  control  stemming 
from  viscous  seal  friction  which  inaeases  with  sliding  velocity 
and  decreases  with  time  of  sliding  or  temperature. 

The  one-dimensional  analysis  present^  here  forces  sym¬ 
metry  about  the  center  of  the  film.  The  experimental  geometry 
is  finite  in  length  in  the  flow  direction  with  an  inlet  to  the  left 
in  Fig.  2.  The  adiabatic  shear  band  near  the  entrance  is  there¬ 
fore  displaced  toward  the  hotter  stationary  boundary  at  the 
bottom  of  each  print  in  Fig.  2  by  the  cooler  liquid  convected 
into  the  gap  by  the  upper  moving  boundary.  This  accounts  for 
the  curvature  of  the  band  pictured  in  Fig.  2. 

Lubricant  resident  times  in  EHD  are  typically  about  1  ms 
or  much  less.  In  this  simulation,  localization  occurs  at  longer 
times — on  the  order  of  100  ms.  However,  in  the  dimensionless 
energy  Eq.  (7),  time  is  scaled  by  hi^pCp/k.  The  film  thickness, 
A,  is  at  least  l(X)  times  thinner  for  a  lubricated  contact.  Hence, 
the  localization  time  would  be  of  the  order  of  10  /is  which  is 
in  the  realm  of  EHD. 

ConcInsioBs 

The  shear  deformation  in  a  lubricant  film  at  elevated  pres¬ 


sure  can  localize  by  a  mechanism  vastly  different  from  pre¬ 
viously  reported  mechanically  induced  shear  bands.  In  a  manner 
suggested  by  Flint  (1967)  and  observed  during  high  rate  form¬ 
ing  in  metals,  a  shear  band  can  form  in  liquid  lubricants  which 
possess  a  low  thermal  conductivity  and  a  viscosity  which  falls 
exponentially  with  temperature.  If  the  shear  stress  is  uniform 
across  the  film,  the  dissipation  will  vai^  exponentially  with 
temperature.  Then  as  the  temperature  rises  locally,  the  dissi¬ 
pation  which  generates  the  temperature  rises  rapidly  with  the 
local  rate  of  shear  and  conditions  favor  an  unstable  temper¬ 
ature  profile  if  the  Brinkman  number  is  sufficiently  large.  This 
phenomenon  may  be  operating  in  the  thermally  dominated 
regime  of  EHD  traction.  Additionally,  if  the  hot  shear  band 
is  isolated  from  the  metal  boundaries  by  cooler  liquid,  this 
may  confound  recent  attempts  to  infer  the  shear  stress  distri¬ 
bution  in  concentrated  contact  from  IR  temperature  meas¬ 
urement  of  the  metal  temperature  distribution. 
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Observations  of  Shear  Localization 
in  Liquid  Lubricants  Under 
Pressure 

A  High  Pressure  Flow  Visualization  Cell  has  been  designed  and  constructed  to 
perform  a  fundamental  investigation  of  the  deformation  behavior  of  liquid  lubricants 
under  lubricated  concentrated  contact  conditions.  A  pressure  of  0.  3  GPa  and  a  shear 
stress  between  parallel  plates  of  about  25  MPa  has  been  demonstrated.  Time  averaged 
velocity  profiles  show  no  continuous  slip  either  in  the  bulk  or  at  walls.  Localized 
slip  at  shear  bands  inclined  to  the  walls  was  demonstrated  to  occur  during  nonlinear 
shear  response.  The  number  of  shear  bands  increases  with  shear  rate  (and  shear 
stress)  from  as  few  as  one  at  the  onset  of  non-Newtonian  flow  until  the  shear  region 
is  essentially  filled  with  bands  with  a  spatial  periodicity  of  7  nm.  Bands  are  typically 
inclined  19  deg  off  the  solid  surfaces  in  a  direction  which  reduces  the  compressive 
normal  stress  due  to  shear  on  the  plane  of  the  band. 


1  Introduction 

The  nature  of  traction  behavior  in  the  elastohydrodynamic 
(EHO)  lubrication  of  concentrated  contacts  has  been  a  vexing 
problem  that  has  plagued  researchers  for  years.  Linear  New¬ 
tonian  behavior  fails  spectacularly  in  predicting  EHD  frictional 
traction.  The  fact  that  traction  in  EHD  seldom  exceeds  one- 
tenth  of  the  average  pressure  and  that  this  could  not  be  ex¬ 
plained  in  terms  of  a  Newtonian  viscous  fluid  led  Smith  (1959) 
to  propose  a  limiting  shear  stress  for  the  lubricant.  That  is, 
that  the  lubricant  flows  as  a  plastic  solid  at  some  shear  stress 
which  varies  with  temperature  and  pressure.  This  concept  has 
been  supported  by  numerous  primary  high-pressure  measure¬ 
ments  (Bair  and  Winer,  1979  and  i990,  and  Ramesh  and  Clif¬ 
ton,  1987). 

The  transition  from  linear  Newtonian  behavior  to  rate-in¬ 
dependent  (plastic)  behavior  is  illustrated  by  the  steady  shear 
flow  curves  in  Fig.  1.  Here,  the  logarithm  of  shear  stress,  t, 
is  plotted  versus  logarithm  of  shear  rate,  >,  for  a  polyphenyl 
ether  (5P4E)  and  a  mineral  oil  (Nl).  Shear  stress  is  observed 
to  increase  first  in  proportion  to  shear  rate  (Newtonian) — then 
a  nonlinear  transition  region  occurs — followed  by  continuous 
shearing  at  a  limiting  stress,  r/,.  This  limiting  stress  is  approx¬ 
imately  proportional  to  pressure.  The  data  for  the  lowest  pres¬ 
sure  of  Fig.  I  marked  with  (x)  represent  measurements  with  a 
new  rotating  concentric  cylinder  rheometer  with  greatly  re¬ 
duced  instrument  response  time  compared  with  results  previ¬ 
ously  reported  (Bair  and  Winer,  1990).  These  data  confirm 
that  the  observed  behavior  is  independent  of  time  of  shear. 
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An  empirical  law  has  been  proposed,  w  hich  in  its  simplest  form 
is  written 

•y=-ln  (1-T/Ti)  (1) 

Elastic  effects  are  observed  for  transient  loading  in  shear 
(Bair  and  Winer,  1979).  The  recoverable  elastic  strain  is  typ¬ 
ically  0.02  to  0.03.  Because  the  glass  transition  temperature 
increases  with  pressure,  many  liquid  lubricants  are  below  the 
glass  transition  temperature  in  concentrated  contact  (Alsaad 
ei  a!  ,  1978).  In  Fig.  1,  p  is  the  ratio  of  pressure  to  glass 
transition  pressure. 

As  of  this  time  the  limiting  shear  stress  concept  lacks  a  firm 
theoretical  foundation.  Evans  and  Johnson  (1986)  proposed  a 
mechanism  by  which  the  nonlinear  transition  is  attributed  to 
the  thermal  activation  model  of  Eyring  and  the  rate-inde¬ 
pendent  behavior  is  explained  by  shear  bands  as  occur  in  the 
deformation  of  solid  polymers.  Bair  and  Winer  (1990)  showed 
that  the  dislocation  model  of  Gilman  (1975)  for  amorphous 
metals  predicts  the  pressure  dependence  of  the  limiting  stress. 
Many  have  suggested  wall  slip  and  Kaneta  et  al.  (1990)  have 
presented  an  inconclusive  argument  based  on  EHD  film  thick¬ 
ness  observations  to  support  wall  slip. 

It  is  the  objective  of  this  paper  to  present  a  fundamental 
investigation  of  the  shear  deformation  of  liquid  lubricant  films 
at  high-pressure  to  elucidate  the  flow  mechanisms  which  pro¬ 
duce  the  observed  rheological  behavior.  Toward  this  end,  flow- 
visualization  experiments  have  been  designed  and  conducted. 

2  Experimental 

2.1  Technique.  In  order  to  visualize  the  shear  deforma¬ 
tion  of  liquid  lubricant  films  at  elevated  pressure,  a  test  cell 
must  shear  a  liquid  sample  in  such  a  manner  that  the  sample 
may  be  illuminated  and  local  displacements  or  velocities  be 
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Fig.  1  Th*  inntIUon  from  Naurtonian  to  plaalie  flow  lor  aarioua  di- 
manalonlaaa  praaauraa.  r  la  ahaar  aliaaa  and  7  ahaar  rata. 
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viewed  and  measured.  To  simplify  interpretation  of  results, 
the  parallel  plate  viscometer  conTiguration  was  selected.  A 
schematic  drawing  of  the  flow  visualization  configuration  is 
given  in  Fig.  2.  The  liquid  sample  is  sheared  between  the  end 
of  a  stationary  shaft  (pin)  and  a  Hat  on  the  side  of  a  moving 
shaft.  The  moving  shaft  translates  axially.  Illumination  and 
viewing  are  at  right-angles  to  the  axes  of  both  shafts. 

Two  techniques  for  How  velocity  measurement  were  con¬ 
sidered:  laser  Doppler  velocimetry  and  particle  tracing.  The 
former  technique  was  rejected  due  to  rather  large  (compared 
to  the  film  thickness)  spatial  resolution.  However,  the  present 
flow  cell  may  be  adapuble  to  other  measurement  techniques 
not  yet  considered. 

Originally,  carbon  black  with  0.3  ^rm  particle  size  was  used 
as  a  tracer  b^use  of  iu  opacity.  This  material  agglomerates 
into  larger  particles  of  various  sizes.  It  was  quickly  found  that 
the  larger  of  these  particles  could  be  seen  far  from  the  plane 
of  focus  of  the  microscope.  Since  it  is  imperative  that  only 
particles  within  the  shearing  gap  be  teen  and  preferable  that 
only  particles  near  the  focal  plane  be  visible,  the  smallest  visible 
particle  should  be  selected.  (iommerci#Uy  available  polystyrene 
tracer  spheres  with  fluorescent  dye  v.n'c  found  to  be  soluble 
in  some  lubricanu.  Glass  spheres  of  2  nm  diameter  were  found 
to  be  visible  in  one  of  our  model  lubricanu  (SP4E)— apparently 
due  to  the  difference  in  retractive  index.  These  particles  are 
not  visible  at  more  than  0.1  mm  from  the  focal  plane. 


WSTM 

Fig.  3  HIgh-prMSUf*  flow  viousllatian  coll 


2.2  Test  Cell.  The  final  design  of  the  High-Pressure  Flow 
Visualization  Cell  is  shown  in  Fig.  3  in  cut-away.  The  internal 
componenu  are  symmetric  about  the  cutting  plane  through 
the  stationary  shaft  so  that  the  entire  cell  interior  need  not  be 
shown.  The  stationary  shaft  or  pin  is  hollow  to  accept  a  ther¬ 
mocouple  and  is  clamped  to  the  pressure  vessel.  The  moving 
shaft  extends  completely  through  the  vessel  to  balance  the 
hydrostatic  force  upon  it.  The  shearing  gap  may  be  varied 
from  0  to  200  fim  by  routing  the  moving  shaft,  although  the 
boundaries  are  only  exactly  parallel  for  one  gap  dimension. 
Illumination  is  usually  through  the  lower  window.  A  beam 
splitting  prism  in  the  optics  allows  illumination  from  above 
for  finding  the  top  of  the  gap. 

The  moving  shaft  passes  through  one  isolating  piston  and 
one  high-pressure  seal  at  each  end.  The  pressurizing  medium, 
a  diester,  is  admitted  between  the  high-pressure  seal  and  the 
isolating  piston  through  a  port  in  the  tock  of  the  cell.  The 
moving  shaft  is  driven  axially  by  a  hydraulic  cylinder  (not 
shown  in  the  figure)  and  positioned  routionally  by  a  worm 
and  gear  (also  not  shown).  The  axial  displacement  of  this  shaft 
is  measui^  by  an  LVDT  external  to  the  cell. 

Windows  are  sapphire  and  are  sealed  to  the  closures  by  a 
lapped  fit.  Temperature  of  the  cell  is  controlled  by  either  a 
resistance  heater  or  liquid  nitrogen  boil-off  passing  through 
an  aluminum  block  which  is  fastened  to  the  exterior  of  the 
cell.  Temperature  is  measured  at  the  thermocouple  in  the  hol¬ 
low  stationary  shaft  (pin). 

Initially,  the  moving  stoft  was  driven  hydraulically  by  ker¬ 
osene  from  a  variable  displacement  metering  pump.  It  was 
soon  found  that  the  vibration  of  the  pump  motor  caused  the 


I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

1 

i 


2 


TranMCtion*  of  tlw  ASME 


rr*(Mf«/MPa 

Fig.  4  PrtMura-vtaeosily  of  6P4E  and  tha  affact  ol  tha  2  am  Iraear 
partleiaa 


small  (2  /im)  tracer  particles  to  disappear  from  view.  Bottled 
gas  was  used  thereafter  in  place  of  the  pump. 

The  cell  was  pressure  tested  at  3S0  MPa  and  results  have 
been  obtained  to  280  MPa. 


2  J  Optics.  A  prerequisite  for  a  microscope  objeaive  used 
to  view  material  within  a  pressure  cell  is  a  long  working  distance 
to  accommodate  the  thick  pressure  vessel  walls.  In  this  case, 
the  minimum  working  distance  is  about  20  mm— longer  if 
niters  are  placed  between  the  cell  and  objective.  Also  a  high 
magnification  is  required  in  order  to  keep  the  gap  and  tracer 
particles  small.  For  these  reasons,  a  reflecting  objective  (ISX) 
was  selected. 

Illumination  through  the  lower  window  is  provided  by  a 
ISOW  incandescent  variabie  source  through  a  fiber  optic  bun¬ 
dle.  A  50W  incandescent  source  is  provided  for  illumination 
from  above  in  order  to  position  the  focal  plane  at  the  top  of 
the  shearing  gap  as  seen  in  the  upper  view  of  Fig.  2.  A  dial 
indicator  mounted  to  the  miaoscope  tube  indicates  the  mi¬ 
croscope  objective  relative  working  distance  so  that  any  po¬ 
sition  measured  into  the  gap  may  be  selected.  However,  there 
is  a  fundamental  problem  related  to  viewing  the  interior  of  a 
cavity  with  parallel  walls  in  that  material  near  the  wall  is  ob¬ 
scured  by  the  interference  of  the  opaque  wall  with  the  ac¬ 
ceptance  cone  of  the  objective.  This  effect  is  such  that  for  each 
100  |im  deeper  one  moves  the  fo^  plane  into  the  gap,  S  laa 
is  obscured  along  the  wall.  A  depth  of  200-250  ftta  into  the 
gap  was  selected  for  viewing  as  a  compromise  between  the 
conflicting  requirements  of  viewing  fully-developed  flow  and 
seeing  material  near  the  walls. 

The  microscope  tube  has  been  adapted  to  accept  video  cam¬ 
eras  and  a  35  mm  film  camera.  A  high-speed  video  system  of 
up  to  1000  frames  per  second  was  available. 


2.4  Eapcrimcntal  Liquid  Labricanis.  For  an  exploratory 
study  of  lubricant  shear  rheology,  it  is  advantageous  to  select 
as  model  liquids,  materials  which  have  seen  application  as  EHD 


lubricants  and  for  which  much  data— both  rheological  and 
tribological- are  available  in  the  literature.  Also,  as  the  ve¬ 
locity  measurement  technique  is  limited  to  low  shear  rates  of 
less  than  10s ' ' ,  it  is  important  that  the  viscosity  be  great  enough 
to  yield  non-Newtonian  flow  at  this  shear  rate.  That  is,  a  shear 
stress  approximately  equal  to  the  limiting  stress  must  be  ob¬ 
tained  at  a  shear  rate  of  10$~ '. 

The  liquids  selected  are:  a  mineral  oil— LVl  260  and  two 
synthetic  oils— 5P4E,  a  polyphenyl  ether  and  MCS  1218,  a 
cycloaliphatic  hydrocarbon.  These  have  been  characterized  ex¬ 
tensively  in  the  literature  (Johnson  and  Tevaarwerk,  1977;  Bair 
and  Winer,  1982  and  1990;  Hutton,  1985;  Alsaad  et  al.,  1978). 

As  a  guide  in  selecting  experimental  conditions  and  in  in¬ 
terpreting  the  results,  it  was  necessary  to  determine  the  pres¬ 
sure-viscosity  characteristics  of  the  experimental  liquids.  This 
was  done  to  pressures  above  the  glass  uansition  by  a  method 
outlined  by  Bair  and  Winer,  1992.  Results  are  shown  in  Fig. 
4  for  5P4E. 

It  is  important  to  show  that  the  tracer  particles  have  neg¬ 
ligible  inHuence  on  the  liquid  rheology.  This  was  demonstrated 
in  the  Newtonian  regime  by  repeating  some  of  the  viscosity 
measurements  with  2  /on  glass  spheres  dispersed  in  the  liquid. 
Weight  fractions  of  0.1  and  0.5  percent  were  employed  and 
are  typical  of  concentrations  us^  in  the  flow  visualization 
experiments.  (Volume  fractions  are  0.4  of  these  values.) 

The  viscosity,  /<,  was  found  to  be  a  function  of  temperature. 
T,  and  pressure,  p,  which  could  be  described  by  a  modiHed 
free  volume  model  (Bair  and  Winer,  1991).  The  curves  in  Fig. 
4  represent 

,  r  C|ir-  TfWVip)  1 

p>p, 

T,=  T,b+A\  In  (1  +Aip) 

F=l-Bi  In  (l  +  Bip) 

The  glass  transition  is  assumed  to  be  an  isoviscous  state  with 
viscosity,  fi,,  at  temperature  T,.  Both  T,  and  the  relative  free 
volume  expansivity,  F  vary  with  pressure.  The  conventional 
free  volume  relation  fails  above  the  glass  transition  pressure, 
Pf  and  is  replaced  by  an  exponential  relation  with  a  pressure 
viscosity  coefficient,  a,.  This  modification  of  the  WLF  equa¬ 
tion  is  in  general  consistent  with  the  recent  results  of  Spaihis 
et  al.  (1991). 


3  Results 

3.1  Shear  Force  Measurement.  During  preliminary  meas¬ 
urements  it  was  observed  that  the  stationary  shaft  or  pin  de¬ 
flected  a  small  but  measurable  distance  in  the  manner  of  a 
cantilever  beam  due  to  the  shear  stress  at  the  shearing  region 
and  due  to  the  drag  of  liquid  flowing  around  the  pin  outside 
diameter.  The  relationship  between  pin  deflection  and  a  shear 
force  at  the  end  of  the  pin  (stationary  shaft)  was  calibrated 
and  found  to  be  linear.  When  the  edge  of  the  pin  is  in  view 
(i.e.,  the  entrance  or  exit  to  the  shearing  region)  the  shear  force 
can  be  measured.  Unfortunately,  the  pin  deflection  is  not  en¬ 
tirely  due  to  the  shear  stress  in  the  region  of  interest.  Liquid 
must  flow  around  the  outside  cylindrical  surface  of  the  pin 
when  shearing  is  uking  place  in  the  gap.  If  the  effective  shear 
force  from  the  drag  of  the  flow  around  the  pin  varies  linearly 
with  moving  shaft  speed  (and,  therefore,  with  shear  rate  in  the 
shear  region)  then,  any  nonlinearity  in  the  steady  shear  force- 
shear  rate  response  must  be  attributed  to  non-Newtonian  flow 
in  the  shear  region.  This  is  reasonable  because  the  Reynolds 
number  for  the  external  flow  is  very  small  (<  10''**). 

For  Fig.  5.  the  pin  force  is  plotted  versus  shear  rate  (deter- 
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mined  from  the  moving  shaft  velocity  divided  by  the  gap  which 
was  ISO  iim).  A  linear  proportional  behavior  is  observed  up 
to  a  force  of  100  N.  If  this  force  is  converted  to  an  effeaive 
shear  stress  by  dividing  the  area  of  the  pin  end,  the  nonlinearity 
begins  at  about  30  MPa.  The  limiting  shear  stress  at  these 
conditions  would  be  expected  to  be  about  23  MPa  from  con¬ 
centric  cylinder  rheometer  measurements  (Bair  and  Winer, 
1990).  In  fact,  if  the  last  two  measured  points  on  Fig.  S  are 
assumed  to  represent  rate-independent  behavior  in  the  shear 
region,  the  force  due  to  free  stream  drag  can  be  subtracted 
and  a  limiting  shear  stress  of  21  MPa  results.  It  may  be  con¬ 
cluded  that  a  departure  from  linearity  in  the  pin  force/shear 
rate  represents  the  transition  between  Newtonian  to  limiting 
stress  behavior.  The  viscosity  determined  in  this  exercise  is 
1.7  X 10*  Pa  s  which  is  in  agreement  with  the  viscosity  meas¬ 
urements  of  Fig.  4  and  is  shown  as  the  triangle  in  that  figure. 

3.2  Velocity  Profiliag.  Local  time  averaged  liquid  veloc¬ 
ities  can  be  determined  from  the  ratio  of  particle  displacement 
to  the  time  interval  over  which  the  displacement  occurred 
(MuUer-Mohnssen  et  al.,  1990)  assuming  that  the  local  particle 
velocity  is  identical  to  the  lo<^  liquid  velocity.  Sever^  com¬ 
mercial  image  analysis  systems  were  utilized  in  an  attempt  to 
automate  the  particle  tracing.  All  of  these  systems  were  found 
to  be  incapable  of  recognizing  particles  as  small  as  2  |im  and 
as  explained  previously  we  prefer  not  to  use  larger  particles. 

A  typical  set  of  time  averaged  velocity  profiles  is  shown  in 
Fig.  6  for  the  indicated  shear  rates.  The  gap  measured  127  foa. 
The  local  velocity,  u,  was  found  from  the  displacement  of  a 
uacer  particle  over  a  time  which  varied  from  one  to  two  sec- 


Fig.  a  Single  ahaar  band  m  8P4E  at  261  MPa,  22*C 


onds.  The  velocity  scale  is  not  the  same  for  all  plotted  profiles. 
Velocities  are  corrected  for  the  deflection  of  the  pin  and  the 
particle  concentration  was  0.1  percent  by  weight. 

A  total  of  about  twenty-five  velocity  profiles  have  been 
obtained  for  the  liquid  SP4E,  for  various  temperatures,  pres¬ 
sures  and  shear  rates.  These  profiles,  which  were  time  averaged 
over  several  seconds,  indicate  a  linear  velocity  variation  across 
the  gap.  The  velocities  when  extrapolated  to  the  wall  position 
are  in  good  agreement  with  the  wall  velocities.  (Note  that 
approximately  20  ^m  of  liquid  near  the  wall  is  obscured.)  Then, 
if  wall  slip  were  occurring,  it  would  necessarily  be  a  very  small 
fraction  of  the  relative  velocity  of  the  boundary  surfaces. 

3.3  Observation  of  Shear  Bands  It  was  observed  during 
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Fig.  9  8h«ar  band*  ara  aaaodatad  aritti  neniinaar  bahavlor 


Fig.  10  Efiaetiva  vlacoalty  ol  SP4E  varaut  ahaar  rata  alMwing  tha  lim¬ 
iting  ahaar  alraaa  and  ttia  ebaarvallon  ol  ahaar  banda 

the  velocity  profiling  that  at  the  higher  shear  stresses  visible 
artifacts  appeared  in  the  form  of  bands.  When  polarizing  filters 
were  placed  between  the  light  source  and  the  cell  and/or  be¬ 
tween  the  cell  and  the  microscope,  thick  diffuse  colored  bands 
were  observed  along  flow  streamlines  during  stress  transients. 
These  are  possibly  due  to  birefringence  from  molecular  align¬ 
ment  in  shear.  When  no  optical  filters  were  employed  and 
particularly  for  low  tracer  particle  concentration  very  sharp 
bands  were  inclined  to  the  liquid  boundaries  in  the  manner 
which  has  been  observed  for  shear  bands  in  solid  polymers 
(Wu  and  Li,  1976).  It  is  these  sharp  inclined  shear  bands  that 
are  of  primary  interest  here  and  will  be  examined  in  more  detail 
in  what  follows.  It  will  be  shown  that  slip  or  shear  localization 
actually  occurs  along  an  individual  band. 

Multiple  shear  bands  are  shown  in  the  two  video  prints  in 
Fig.  7  along  with  the  shearing  direction.  These  bands  appear 
at  angle  to  the  solid  surfaces  and  oriented  such  that  they  lie 
in  a  plane  of  reduced  normal  stress  due  to  shear.  The  inclination 
is  19  to  20  deg  for  5P4E,  about  23  deg  for  MCS  1218  and  16 
to  19  deg  for  LVl  260.  The  conditions  for  Fig.  7  are  220  MPa, 
2S*C  and  a  shear  rate  of  0.25  s' The  material  is  SP4E  and 
the  gap  is  130  fon.  When  multiple  bands  form  and  fU  a  region, 
as  in  Fig.  7,  a  spatial  periodicity  is  seen  and  the  s  '‘aration  is 
about  7  |im  measured  perpendicular  to  the  band.  A  single  band 
is  shown  in  Fig.  8  at  higher  pressure  and  much  lower  shear 
rate.  Shear  bands  were  observed  in  5P4E  at  pressures  of  125 
to  280  MPa,  temperatures  of  5  to  40*C  .^d  for  gaps  of  47  to 
220  ^  and  shear  rates  to  100  s'*  and  in  LVI  260  (mineral 
oil)  at  a  pressure  of  270  MPa  and  5*C  and  for  MCS  1218  at 
241  MPa  and  15*C.  Note  that  the  2  pm  tracers  are  too  small 
to  be  visible  in  these  prints.  Recall  also  that  liquid  very  near 
the  solid  boundary  is  not  visible  in  Fig.  8.  Consideration  of 
conservation  requires  that  the  shear  band  not  intersect  a  wall. 
The  band  must  terminate  away  from  the  wall. 

The  appearance  of  shear  bands  is  associated  with  the  onset 


of  nonlinear  shear  rheology  as  shown  in  Fig.  9.  The  first  shear 
band  is  observed  in  the  second  video  print  from  the  left  which 
corresponds  to  the  first  data  point  past  the  Newtonian  regime 
as  described  in  a  previous  section.  The  pressure  is  220  MPa 
and  the  temperature  is  22*C.  This  correlation  was  found  at 
several  temperature/pressure  combinations.  As  the  pin  force 
(and  shear  stress)  is  increased  the  bands  proliferate  until  they 
appear  to  fill  the  entire  shearing  region.  The  first  band  was 
always  observed  to  occur  very  near  the  inlet  to  the  shearing 
gap;  possibly  due  to  the  comer  of  the  pin  acting  as  a  stress 
concentration  or  possibly  due  to  a  lower  temperature  and, 
therefore,  higher  viscosity,  hence  higher  stress  at  the  inlet.  This 
fact  facilitated  the  study  of  individual  shear  bands  in  the  next 
section. 

Shear  bands  have  been  observed  for  conditions  which  over¬ 
lap  conditions  for  a  previously  measured  flow  curve  (Bair  and 
Winer,  1979b).  The  effective  viscosity  plotted  in  Fig.  10  was 
obtained  in  a  high  shear  stress  viscometer  (Bair  and  Winer, 
1979a).  Shear  bands  were  observed  at  the  conditions  indicated 
on  the  figure. 

3.4  Slip  Measurement.  The  uacer  particles  which  were 
used  to  generate  velocity  profiles  can  be  used  to  detect  slip 
associated  with  a  band.  For  this  purpose  it  will  be  useful  to 
find  two  particles  near  the  midplane  of  the  shearing  region 
and  nearly  equidistance  from  the  solid  boundaries.  The  motion 
of  this  pair  of  particles  without  the  influence  of  a  shear  band 
is  shown  in  Fig.  1 1  (a).  Particles  A  and  ^rnove  an  equal  distance 
in  the  shear  direction  over  some  time  interval.  If  a  shear  band 
were  operating  between  these  particles,  then  the  motion  would 
be  expected  to  be  the  same  as  in  Fig.  11(a)  except  that  a  slip 
displacement  aligned  with  the  band  would  be  added  to  the 
particle  motion  as  shown  in  Fig.  11(h).  Our  ability  to  measure 
a  particle  position  is  limited  to  a  resolution  of  about  0.5  fun 
and  the  video  signal  contains  an  electronic  jitter;  therefore,  it 
is  convenient  to  place  a  coordinate  system,  XY,  on  particle  A 
as  in  Fig.  11(c).  (Recall  that  these  particles  are  equidistance 
from  the  boundaries.)  Now,  if  there  is  no  slip,  the  X  and  Y 
coordinates  of  B  will  not  change  over  a  time  interval  during 
which  a  band  exists  between  A  and  B.  If  slip  occurs,  the  tot^ 
slip  can  be  found  from  the  change  in  X  and  Y  during  that  time 
interval,  BX  and  AT,  respectively.  Video  tapes  were  reviewed 
to  find  pairs  of  particles  which  satisfied  the  above  geometric 
requiremenu  and  for  which  a  single  shear  band  passed  between. 
The  displacement  of  B  with  respect  to  A  is  plotted  for  one 
such  pair  in  SP4E  in  Fig.  12.  The  displacement  at  the  indicated 
time  is  relative  to  time  zero.  Straight  lines  were  drawn  between 
readings  which  were  taken  at  1, 2,  and  3  seconds  although  the 
actual  history  between  readings  is  not  knovm.  A  shear  band 
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Tabic  1  Relative  displaccmcBte  of  parttcics  astride  ihear  baads 


Pressure 

Temp. 

5P4E 
Shear  rate 

>/IF+aP 

UJa-'AY/AX 

MPa 

•c 

s-' 

|UD 

130 

5 

0.12 

3.9 

19* 

130 

5 

0.13 

5.0 

20" 

130 

5 

0.14 

5.9 

29* 

a 


Fig.  11  Particle  metiefi  under  Influenca  of  a  alMcr  band 


TIME  (e) 

Fig.  12  Relallve  diaplaceinant  el  a  pair  of  partlcioa  aatildo  a  ahear  band 


was  visible  for  some  time  between  1  and  2  seconds  and  not 
for  the  previous  and  succeeding  interval.  The  relative  displace- 
menu  are  consistent  with  slip  along  the  band. 

The  total  slip,  \  is  tabulated  along  with  the  slip 

direction,  xaa~\AY/AX),  for  three  examples.  The  first  entry 
in  Table  1  is  that  of  Fig.  12.  Recalling  that  our  resolution  is 
0.5  fun,  the  slip  direction  is  consistent  with  the  observed  band 
orientation. 

The  slip  across  a  band  is  dramatically  illustrated  in  Fig.  13 
where  a  shear  band  intersects  a  large  particle  of  extraneous 
material  in  5P4E.  The  particle  is  visible  near  the  stationary 
shaft  in  Fig.  13(a).  A  band  passes  through  and  cleaves  the 
particle  in  Figs.  13(h)  and  (c).  The  particle  pieces  are  seen  to 
be  shifted  with  respect  to  one  another  along  the  dk  xtion  of 
the  band  and  remain  shifted  after  the  band  has  disappeared 
in  Fig.  13(d).  The  sense  of  the  shift  in  cleaved  particle  pieces 
is  consistent  with  the  sense  of  shear  of  the  bulk  material. 


5P4Eat221  MPa,  23 ’C 

Fig.  13  Interactleii  of  a  shear  band  with  a  taiga  paitlela 


3.5  Shear  Band  Inclination.  An  interesting  and  impor¬ 
tant  aspect  of  shear  bands  is  the  nonzero  angle  of  Inclination, 
0,  with  the  direction  of  principal  shear.  This  angle  of  inclination 
is  a  clue  to  the  mechanism  (^wden  and  Jukes,  1972)  of  shear 
localization  and  is  expected  from  the  pressure  dependence  of 
limiting  shear  stress.  Our  preliminary  results  suggest  that  $ 
may  be  a  material  property,  possibly  related  to  the  pressure- 
limiting  stress  coefHdent  X.  The  ranking  of  shear  bsaid  angle 
for  the  three  materials  is  consistent  with  the  ranking  of  the 
limiting  shear  stress  (Bair  and  Winer,  1982). 

In  Fig.  14  are  plotted  inclination  angles  for  SP4E  for  various 
pressures.  Within  experimental  error,  the  angle,  0,  appears  to 
be  independent  of  pressure.  The  glass  transition  pressure,  p,, 
is  indicated.  Note  that  our  measurements  bracket  the  glass 
transition. 
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The  effect  of  shearing  gap  is  investigated  in  Fig.  IS  and  the 
observed  angles  are  independent  of  gap  size. 

3.6  Shear  Band  Distribution.  A  significant  observation 
that  deserves  mention  is  that,  aside  from  a  preference  toward 
the  inlet  to  the  gap  for  the  initial  appearance  of  a  band,  one 
can  not  predict  beforehand  the  location  of  a  shear  band.  This 
is  particularly  apparent  at  intermediate  shear  rates  where  bands 
appear  in  clusters  with  unaffected  liquid  in  between  (see  Figs. 
7  and  9).  One  may  then  conclude  that  a  shear  band  will  nucleate 
in  a  linear  viscoelastic  matrix  when  the  shear  stress  reaches 
some  critical  value  which  exists  at  that  location.  This  critical 
stress,  7r,  is  therefore  statistically  distributed  within  the  ma¬ 
terial  and  the  mean  of  that  distribution  is  the  limiting  shear 
stress,  Ti..  We  would  expect  that  the  funaional  form  of  Eq. 
(I)  is  a  result  of  that  distribution. 


4  Conclusion 

A  High  Pressure  Flow  Visualization  Cell  has  been  designed 
and  constructed  to  perform  a  fundamental  investigation  of  the 
deformation  behavior  of  liquid  lubricants  under  lubricated 
concentrated  contact  conditions.  A  pressure  of  0.3  GPa  and 
a  shear  stress  between  parallel  plates  of  about  25  MPa  have 
been  demonstrated.  Time  averaged  velocity  profiles  show  no 
continuous  slip  either  in  the  bulk  or  at  walls.  Localized  slip  at 
shear  bands  inclined  to  the  walls  was  demonstrated  to  occur 
during  nonlinear  shear  response.  The  number  of  shear  bands 
increases  with  shear  rate  (and  shear  stress)  from  as  few  as  one 
at  the  onset  of  non-Newtonian  flow  until  the  shear  region  is 
essentially  filled  with  bands  with  a  spatial  periodicity  of  7  fim. 
Bands  are  typically  angled  16  to  23  deg  off  of  the  solid  surfaces 
in  a  direction  which  reduces  the  compressive  normal  stress  due 
to  shear  on  the  plane  of  the  band.  This  angle  may  be  a  property 
of  the  material.  Of  course,  conservation  requires  that  slip  not 
extend  to  the  boundary.  Tlie  shear  band  may  turn  tangent  to 
the  wall  or  end  near  the  boundary.  According  to  Haward  (1973) 
shear  bands  may  be  wholly  contained  within  the  body  accom¬ 
modated  by  elastic  deformation  between  the  ends  of  the  bands 
and  the  boundaries. 
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Signal  Processing  Steps 
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Implicit  Models  (Neural  Networks) 

Nonlinearities,  cross-couplings,  and  non-Gaussian  statistics  readily  modeled 
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THIN-FILM  FRICTION  AND  WEAR  SENSORS 
FOR  CONTINUOUS  BEARING  MONITORING 

A.  W.  Ruff  and  K.  G.  Kreider 
Ceramics  Division  and  Process  Measurements  Division 
National  Institute  of  Standards  and  Technology 
Gaithersburg,  MD  20899 


William  Ruff  and  K.G.  Krieder,  ’TTiln-Fllm  Friction  and  Woar  Sensors' 


Need 


A  bearing  condition  monitoring  method  that  can  be 
applied  continuously  in  real-time  on  a  variety  of 
components  regardless  of  size  and  complexity 


Solution 


Develop  thin-film  sensors  that  can  be  incorporated  into 
oil-lubricated  bearing  construction  and  that  will  respond 
accurately  to  friction  and  wear  levels  in  a  time-continuous 


manner 


Spsciman  Ti**RBl8 
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Test  results  for  a  titanium  block  slid¬ 
ing  against  52100  steel  ring  in  argon 
under  ION  load  show  the  variation  in 
friction  coefficient  (FC),  wear  depth 
(W),  and  wear  volume  (WV)  with  slid¬ 
ing  distance.  Break-in  occurs  at  about 
120  meters  of  sliding;  afterward  the 
wear  rate  is  constant. 
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Technical  Approach 


-  Develop  thin  film  sensor  designs  to  measure  accurately  wear 
and  friction  directly  on  bearing  surfaces 

-  Develop  thin  film  deposition  techniques  for  locating  multi¬ 
layer  sensors  on  bearing  contact  surfaces 

-  Study  sensitivity,  durability,  and  compatibility  of  different 
thin-film  sensor  materials 

-  Work  in  later  stages  with  commercial  sources  to  fabricate 
prototype  sensors  for  full-scale  applications 


Technical  Approach  (continued) 


-  Evaluate  friction  and  wear  measurement  capabilities  of 
the  sensors  under  controlled  laboratory  test  conditions 


-  Compare  sensor  readings  with  independent  direct 
measurements  of  friction  and  wear  to  verify  accuracy 


-  Compare  sensor  measurements  with  analytical  models  of  wear 
and  friction  for  several  contact  geometries 


Problems  to  Solve 


1 .  Development  of  fabrication  processes  for  wear  sensors  to 
include  multi-layer  laminates  with  excellent  adhesion  to  bearing 
steel  and  bronze,  and  with  similar  wear  characteristics 

2.  Development  of  continuous  thin-film  insulators  without  flaws 
(pores,  shorts,  cracks,  stresses,  ..)  as  thin  as  possible 

3.  Development  of  thin-film  sensor  electrical  connections 


compatible  with  bearing  designs 


Problems  to  Solve  (continued) 


4.  Development  of  thin-film  strain  gage  rosettes  for  measuring 
friction  (traction  shears)  under  sliding  and  rolling  conditions 

5.  Verification  of  sensor  determination  of  wear  and  friction  through 
direct  post-test  measurement  of  specimens 

6.  Comparison  of  sensor  wear  and  friction  data  with  analytical 
models  predicting  wear  and  friction  for  different  geometries  and 
test  parameters 


Tribological  Models  to  Test 


-  Wear  rate  for  block-on-ring  test  geometry 
(linear  model  ?;  controlled  by  load  or  pressure  ?) 

-  Wear  rate  for  pin(sphere)-on-disk  geometry 
(same  ?;  temperature  effects  ?) 

-  Wear  rate  for  rolling  ball  contact 
(no  general  model;  wear  due  to  micro-slip  and  fatigue) 

i 

I 

-  Friction  force  for  full  fluid  film 

i  (varies  with  fluid  viscosity,  load,  surface  roughness  ?) 


-  Contact  (surface)  temperature 
(varies  with  speed,  load,  pressure  ?) 
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Low  Profile  -  1  fim  -  does  not  disturb  gas  stream 


Oxide  insulation  was  critical  problem 


Temperature  Sensor 
for 


Diesel  Engine 


•  Pt  adherence  was  critical  problem 


Design  Concepts  of  Thin-HIm  Wear  Sensors 


>  Lamination  of  sputtered  thin-film  resistance  elements  with 
insulators  directly  on  the  metal  bearing  surfaces 

-  The  laminated  thin-film  package  would  have  similar  wear 
behavior  as  the  bearing  material »  and  a  small  contact  surface 
area  conforming  to  the  bearing  contour 

-  Typical  bearing  wear  of  1-4  micrometer  (40-160  microinches) 
would  be  measured  with  5-9  layer  laminates  of  insulators  and 
film  resistors 

-  A  thin-film  thermocouple  would  be  included  within  the  gage 
to  monitor  surface  temperature 
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Surface  Science.  Tribology,  and  the  NAVVs  aging  fleet.  | 

« 

Dr,  Irwin  L.  Singer  * 

« 

« 

Kow  can  surface  science  and  tribology  make  an  impact  on  condition-based  maintenance  « 

(CBM)?  One  way  is  by  developing  microsensor  technologies  that  evolve  from  proximal  probe  | 

research.  Proximal  probes  are  the  latest  in  a  stable  of  surface-related  techniques  that  have  been  | 

used  by  tribologists  over  the  past  30  years  or  so  to  get  a  closer  look  at  the  moving  interface.  | 

By  the  mid-eighties,  tools  which  read  like  an  alphabet  soup  [X-ray  Photoelectron  Spectroscopy  | 

(XPS),  Auger  Electron  Spectroscopy  (AES),  transmission  electron  microscopy  (TEM),...)  were  t 

able  to  identify  compositions  and  structures  with  up  to  monolayer  sensitivity  and,  thus,  brought  ~ 

tribologists  a  step  closer  to  understanding  the  interface  chemistry  and  structure.  However,  most 
of  these  tools  only  provided  ex-situ  looks  at  surfaces;  they  were  unable  to  give  real-time  views 
of  the  buried  interface. 

Today,  tribologists  are  performing  in-situ  surface  analysis  and  tribology  at  the  atomic 
scale  using  proximal  probes'.  Proximal  probes  have  develops  over  the  past  decade  from  a 
variety  of  experimental  techniques,  most  notably  from  Scanning  Tunneling  Microscopy  (STM)^. 

The  most  well  known  are  Atomic  Force  Microscopy  (AFM)*  and  its  sliding  companion  Friction 
Force  Microscopy,  (FFM)s^'^.  These  probes  allow  friction  and  wear  to  be  studied  with  atomic 
resolution  in  all  three  dimensions.  Another  proximal  probe,  generically  known  as  a  Surface 
Force  Apparatus  (SFA),  affords  atomic  resolution  only  in  the  vertical  direction,  but  allows  direct 
measurement  and/or  control  of  micrometer-sized  areas  of  contact  in  the  lateral  direction*-’.  A 
very  recent  technique,  based  on  the  Quartz  Crystal  Microbalance  (QCM),  permits  sliding  friction 
processes  to  be  studied  at  the  Angstrom  level  and  at  time  scales  in  the  nanosecond  range'-’. 

These  techniques  offer  new  opportunities  at  three  different  levels.  First,  they  are 
sensitive  to  events  occurring  at  the  atomic  scale  without  regard  to  environment  i.e.,  unlike  the 
earlier  group  of  surface  techniques,  the  proximal  probes  I^ED  NOT  BE  used  exclusively  in 
vacuum.  Secondly,  they  are  mechanic^  as  well  as  analytical  and,  therefore,  capable  of 
performing  friction  and  wear  tests  as  well  as  studying  friction  and  wear.  Thirdly,  they  are 
intrinsically  microdevices  and  microsensors  combined.  They  offer  a  rare  combination  of 
technique  and  technology,  and  suggest  opportunities  for  turning  nanoscale  science  into  nanoscale  | 

technology  (gigahertz  accelerometers,  picogram  chemical  microsensors,...).  « 

The  scientific  opportunities  can  be  seen  in  Fig.  1'®.  It  highlights  some  of  the  newest  | 

issues  that  tribology  must  deal  with  to  understand  friction  and  wear  at  a  fundamental  level.  The  | 

physics  concept  is  simple:  that  of  matching  time  and  lengths  scales  in  friction  and  wear  studies.  | 

Of  course,  this  has  been  accomplished  at  the  macroscopic  scale:  thus,  we  are  able  to  predict  $ 

and  calculate  machine  contacts,  bearing,  gear  and  hydrodynamic  lubrication  behavior.  It  is  less  I 

successful  at  the  mesoscopic  (material  microstructures,  cracking,  dislocation  motion)  and  $ 

microscopic  (gas/Iiquid/surface  interactions,  grain  and  crack-face  boundaries, . . .)  scales  because  « 

the  events  take  place  over  periods  (<  microseconds)  shorter  than  most  experimental  techniques  | 

are  capable  of  following.  Only  a  handful  of  experiments  have  been  performed  at  the  short  « 

length  and  time  scales  of  microscopic  tribological  processes;  four  of  these,  labeled  1  through  4  « 

in  the  Fig.  1,  are  described  briefly  here:  | 


Irwin  Singer,  '‘Surface  Science  in  Tribology' 
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Fig.  1.  Time  and  length  scales  of  present-day  models  and  experiments  in  Tribology. 


1.  Bair  et  al."  have  used  fast  IR  detectors  to  measure  flash  temperatures  during  high  speed 
frictional  contacts  of  asperities  of  length  10  pm  and  greater,  with  time  resolution  of  about 
20  psec. 

2.  Spikes  et  al.  have  developed  real  time  optical  techniques  for  investigating  the  physical 
behavior  of  EHL  films  down  to  5  nm  thick'^  and  chemical  processes  occurring  in 
contacts  10  pm  wide  by  80  nm  thick.’’. 

3.  Krim  et  al.'*’  have  used  the  quartz  crystal  microbalance  experiments  (described  earlier) 
for  probing  atomic  vibrations  amplitudes  between  0. 1  to  10  nm  and  time  scales  from  10^” 
to  10^  sec. 

4.  Hamers  and  Markert’*  have  shown  that  STM  images  are  sensitive  to  the  recombination 
of  photo-excited  carriers  whose  lifetimes  are  in  the  picosecond  range. 

The  technological  opportunities  are  in  the  ^in-offs  in  nanosensor  technology  that  are 
derived  from  the  nanoscience  research.  It  isn’t  possible  here  to  discuss  or  predict  what  sensors 
can  be  developed.  However,  it  is  possible  to  suggest  how  such  opportunities  can  be  opened  up. 
It  is  flrst  necessary  that  tribologists  gather  working  groups  of  proximal-probe  physicists  and 
chemists  and  together  work  to  design  devices  that  can  monitor  changes  in  chemical  and 
mechanical  behavior  of  tribomaterials.  Then  engineers  who  have  both  active  knowledge  of  the 
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nanotechnologies  and  collaborations  with  tribologists  will  extract  the  most  promising  technologies 
for  CBM  of  aging  fleet  components. 
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planetary  sun  gear,  and  associated  bearings.  Sensor  number  1,  mounted  on  the  fonvard  bolt  circle 
of  the  gearbox  at  the  9  o’clock  position  (Figure  4),  was  in  the  best  position  to  monitor  the 
planetary  gear  system  and  the  propeller  shaft  suppon  bearings. 

The  stress  wave  data  were  acquired  using  a  SWAN- 100  BEARING/GEAR  ANALYZER 
and  a  Digital  Audio  Tape  (DAT)  data  recorder.  The  SWAN- 100  filtered  out  background  noise  and 
vibration  signal  components  to  provide  a  Stress  Wave  Pulse  Train  (SWPT)  analog  output  that 
represented  a  time  history  of  friction  and  shock  events  generated  by  the  gearbox  internal 
components.  The  SWAN-100  also  computed  the  Stress  Wave  Energy  (SWE),  which  is  a 
quantitative  measure  of  friction  and  shock,  at  each  sensor  location.  The  Stress  Wave  Pulse  Train 
was  recorded  on  the  DAT  recorder  and  then  played  back  for  post  flight  analysis  by  a  System  3(X)0 
Stress  Wave  Analyzer. 

The  System  3000  produced  Stress  Wave  Amplimde  Histograms  (SWAHs)  that  show  the 
statistical  distribution  of  stress  wave  peak  amplitudes.  The  System  3000  was  also  used  to  perform 
spectral  analysis  of  the  SWPT  and  plot  Stress  Wave  Power  Spectral  Density  (SWPSD)  data.  The 
Stress  Wave  Amplitude  Histograms  are  most  useful  in  detection  of  aperiodic  events  frequently 
associated  with  lubrication  problems  such  as  fluid  or  particulate  contamination  or  skidding  between 
bearing  rolling  elements  and  races.  The  Stress  Wave  Power  Spectral  Density  data  are  most  useful 
in  isolating  the  source  of  elevated  SWE  readings  caused  by  periodic  friction  or  shock  events 
associated  with  localized  surface  damage  to  gean  and  bearings.  These  three  types  of  stress  wave 
data;  SWE,  SWAH,  and  SWPSD  are  presented  in  this  analysis  of  the  C-130  Engine  Gearbox. 

The  first  set  of  stress  wave  data  (Hgures  5, 6,  and  7)  show  the  effects  of  gearbox  load  on 
stress  wave  energy,  amplitude  distribution,  and  power  spectral  density.  All  data  were  taken  from 
sensor  location  1  at  a  low  load  condition  of  High  Speed  Ground  Idle  (HSGI);  a  medium  torque 
level  of  7000  in-lbs;  and  a  high  load  level  of  19,600  in-lbs.  Figure  5  shows  a  smoothly  increasing 
amount  of  fiictional  energy  generation  as  a  function  of  increasing  load.  This  is  typical  of  constant 
speed,  variable  torque  Goad)  machinery. 

Figure  6  shows  the  sensitivity  of  stress  wave  amplimde  distribution  to  changes  in  operating 
torque.  The  medium  load  condition  shows  a  statistically  "normal”  distribution  with  a  relatively 
small  standard  deviation.  The  HSGI  condition  shows  a  "log-normal"  statistical  distribution,  while 
the  high  load  condition  is  only  slightly  biased  towards  a  log  normal  distribution,  but  widi  a  notably 
larger  standard  deviation  than  at  7000  in-lbs.  The  normal  distribution  with  a  relatively  small 
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standard  deviadon  is  typically  indicative  of  smooth  running,  properly  aligned,  well  lubricated  gears 
and  bearings.  The  spuriously  high  rates,  at  two  stress  wave  peak  amplitudes  in  each  of  these 
distributions,  arc  indicative  of  periodic  friction  or  shock  events  at  two  relatively  constant 
amplitudes  during  the  15  second  data  frame. 

Figure  7  shows  the  frequencies  of  these  periodic  events  at  each  of  the  three  load  conditions. 
The  dissimilarity  in  the  frequencies  of  the  significant  spectral  lines  (>10  dB  above  background 
levels)  indicates  significant  changes  in  dynamic  contact  stresses  as  a  function  of  load.  This  is 
markedly  different  from  what  would  be  expected  from  localized  gear  or  bearing  surface  damage 
in  a  constant  speed  machine,  which  would  cause  a  fixed  set  of  spectral  lines  of  varying  amplimdc 
as  a  function  of  load. 

The  second  set  of  stress  wave  data  (Figures  8,  9,  and  10)  show  the  effects  of  gearbox  oil 
temperature  on  stress  wave  energy,  amplitude  distribution,  and  power  spectral  density.  All  data 
were  taken  from  sensor  location  2  at  a  low  load  condition  of  High  Speed  Ground  Idle.  Figure  8 
clearly  demonstrates  the  ability  of  the  SWE  parameter  to  measure  changes  in  friction  levels 
associated  with  changes  in  lubricant  temperature.  The  amplimde  distribution  histograms  also  show 
the  effect  of  elevated  temperature  on  lubrication  efficiency.  At  the  higher  temperature,  the  mean 
amplimde  of  friction  events  is  only  slightly  higher,  but  the  occurrence  of  more  high  amplimde 
pulses  increases  the  standard  deviation  and  slighdy  biases  the  distribution  towards  a  log  normal 
shape.  The  spectral  data  show  no  significant  change  as  a  function  of  temperature,  thus  indicating 
that  the  changes  in  SWE  and  SWAH  are  due  to  randomly  occurring,  aperiodic  events. 

The  third  set  of  data  illustrate  what  can  be  "seen"  through  stress  wave  analysis  at  each  of 
the  three  gearbox  sensor  locations.  Figure  11  shows  the  measured  levels  of  SWE  over  a  three 
minute  period  of  steady  state  operation  at  a  maximum  power  level  of  19,600  in.-Ibs.  of  torque. 
It  is  important  to  note  the  stability  of  the  SWE  readings  under  steady  state  operating  conditions, 
since  this  is  an  important  factor  in  the  ability  to  set  limits  for  early  detection  of  discrepant  pans 
and  trending  damage  progression  for  planned  corrective  maintenance.  The  standard  deviation  of 
the  SWE  readings  is  within  a  range  of  4%  to  6%  of  the  mean  of  all  the  SWE  measurements  at 
each  sensor  location.  There  is  a  slight  upward  trend  to  the  readings  obtained  from  sensor  #2, 
which  is  due  to  the  fact  that  the  oil  temperature  was  increasing  from  73*’C  to  SO^C  while  this 
series  of  measurements  was  being  made.  (In  combination  with  the  data  in  figures  8  through  10, 


2 


YMMOIIA 


OME  Corporation  C-1 30  Engine  Gearbox  January  1992 

_ Stress  Wave  Analysis _ 

this  also  illustrates  the  ability  of  SWAN  to  detect  changes  in  lubricarion  efficiency  over  a  broad 
range  of  loads.) 

The  amplitude  distribution  histograms  (Figure  12)  for  all  three  sensor  locations  have  bell 
shaped  normal  distributions.  It  is  interesting  to  note  that  although  the  #1  sensor  distribudon  has 
the  highest  mean  amplitude,  the  total  stress  wave  energy  is  highest  at  sensor  locadon  #2.  This 
illustrates  the  uniqueness  of  these  two  forms  of  SWAN.  Pan  of  the  explanation  for  this  lies  in  the 
spectral  data  of  Figure  13  that  show  more  spectral  lines  characteristic  of  periodic  friction  and 
shock  events  in  the  data  from  sensor  #2.  Another  reason  for  the  increased  SWE  at  location  #2  is 
the  shape  (amplitude  versus  time)  of  the  stress  wave  pulses  from  this  sensor  location.  There  are 
two  significant  spectral  lines,  67.8  Hz  and  73.7  Hz,  that  are  apparent  in  each  of  the  three  sensor 
spectra  of  Figure  13.  The  67.8  Hz  line  is  the  4Aev  of  the  output  shaft  on  which  is  mounted  the 
4  blade  propeller.  The  73.7  Hz  line  is  the  Ifrev  of  the  main  reduction  bull  gear  and  the  planetary 
sun  gear  (which  are  on  the  same  shaft). 

Although  there  are  not  sufficient  data  from  this  one  SWAN  "snapshot"  of  one  gearbox  to 
make  a  high  level  of  confidence  diagnosis  of  it’s  current  condition  or  prognosis  of  fixture  condition, 
some  significant  observations  can  be  made: 

1.  All  three  basic  stress  wave  analysis  techniques  (SWE,  amplitude  distribution,  and 
power  spectral  density)  are  sufficiently  sensitive  to  detect  changes  in  frictional 
energy  released  by  dynamic  contact  stresses  as  a  function  of  operating  torque  level 
in  the  C-130  engine  reduction  gearbox. 

2.  There  are  significant  changes  to  both  the  amplinide  distribution  and  energy  content 
of  stress  waves  as  a  function  of  changes  in  lubrication  properties  associated  with 
bulk  oil  temperature  (indicating  that  local  oil  temperatures  may  vary  more 
dramatically  than  bulk  oil  temperature). 

3.  SWE  levels  are  very  consistent  under  steady  state  operating  conditions.  This  factor, 
in  combination  with  the  sensitivity  to  measure  die  friction  associated  with  changes 
in  load  and  lubricant  temperature,  indicate  that  alarm  limits  can  be  set  which  will 
maximize  the  probability  of  detecting  discrepant  parts  early  in  the  failure  process 
while  minimizing  the  probability  of  false  alarms. 
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Figure  2.  Number  3  Sensor  Located  on  Upper  Rear  bold  of  Torque  Meter  Sensor 
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Figure  8.  Stress  Wave  Energy  Readings  for  Sensor  2  at  Different  Oil  Temperatures 
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Figure  10.  Stress  Wave  Power  Spectral  Density  as  a  Function  of  Oil  Temperature 
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Figure  11.  Stress  Wave  Energy  at  Three  Sensor  Locations  at  19,600  in.-poun(is  of  Torque  Over 
Three  Minutes  Continuous  Operation 
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Figure  13.  Stress  Wave  Power  Spectral  Density  by  C-130  Gearbox  Sensor  Location 
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ABSTRACT 

We  use  the  methods  reviewed  by  Professor  AbarbaneU  to  show  that  accelerometer  data  from  a  gearbox  are 
chaodc.  These  data  have  broad-band  Fourier  components  and  a  natural  question  arises  as  to  whether  these 
data  are  chaotic.  The  requirements  for  chaos  are  that* 

The  Fourier  spectrum  is  broad-band. 

There  is  a  non-integer  fractal  dimension. 

There  is  at  least  one  positive  Lyapunov  exponent. 

These  analyses  are  a  prelude  to  fault  prediction  and  analysis.  In  this  paper  we  present  the  results  of  our 
studies  on  a  healthy  high-speed  gearbox.  That  is,  the  gearbox  was  known  to  contain  no  faults. 


2.  INTRODUCTION 

Predictive  fault  analysis  of  rotating  machinery  has  proven  to  be  a  difficult  problem.  Before  taking  on  the 
problem  of  fault  prediction  and  analysis,  however,  there  is  a  natural  curiosity  about  the  nature  of  these 
systems  and  their  signals.  The  insights  derived  from  the  analysis  of  baseline  data  provide  guidance  for  the 
future  development  of  maintenance  tools. 

The  methods  are  reviewed  in  detail  in  [1].  The  general  idea  is  to  reconstruct  the  signal’s  underlying  attractor 
using  phase  space  rcconstruction2.  Once  the  attractor  has  been  reconstructed,  its  invariant  geometric  and 
information  propagating  properties  are  used  to  classify  and  analyze  the  behavior  of  the  system. 

The  configuration  of  the  gearbox  is  shown  in  figure  1.  The  input  spur  pinion  driven  by  a  high-speed 
turbine.  For  this  test,  the  developmental  gearbox  was  statically  mounted  on  a  test  bench.  The  signd  trace  of 
an  accelerometer  mounted  on  the  case  is  shown  in  figure  2,  along  with  its  FFT.  The  sensor,  an 
accelerometer,  was  sampled  at  320  khz  and  low-pass  filtered  at  80  khz.  The  data  were  stored  on  a  modified 
video  recorder.  These  data  are  especially  interesting  because  they  were  collected  under  circumstances  similar 
to  the  shop  conditions  that  will  exist  for  the  final  application.  Thus,  they  contain  all  the  artifacts  that  one 
would  expect  from  real  data. 


3.  CHAOTIC  CHARACTERISTICS  OF  A  HIGH-SPEED  GEARBOX 

The  main  menu  for  the  chaotic  signal  processing  (“CSP”)  system  used  in  these  studies  is  shown  in  figure  3. 
The  modules  that  perform  the  calculations  are  platform  independent  and  run  on  Sun  workstations,  Apple 
Qua(^as,  Cray  supercomputers,  and  even  an  occasional  IBM  PC.  The  status  windows  for  four  processes 
running  in  the  background  are  in  the  upper  left  comer. 
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Figure  1.  Schematic  of  gearbox. 


3.1.  Find  the  time  delay  for  phase  space  reconstruction. 

Average  mutual  information,  I(T),  is  a  prescription  for  selecting  an  appropriate  time  delay  interval  (T)  for 
reconstmction  of  the  attractor  3  and  is  the  amount  of  knowledge  (expressed  as  bits)  that  one  can  derive  about 
two  datums  separated  by  the  time  delay,  T.  It  is  dcfuied  in  two  dimensions  as  the  joint  probabilities  of  the 
two  datums: 


The  determination  of  the  time  lag,  7,  is  important  because  an  optimum  selection  of  7  gives  best  separation 
of  neighboring  trajectories  within  the  minimum  embedding  ^ace.  This  is  important  b^ause  calculation  of 
the  Lyapunov  exponents  relies  on  solving  a  matrix  that  is  comprised  of  descriptions  of  how  close 
trajectories  diverge.  If  the  trajectories  are  not  separated,  then  the  matrix  will  be  ill  conditioned  and  may  not 
be  solvable. 

In  the  reconstructed  attractor,  if  the  time  delay  is  too  small,  there  is  little  new  information  contained  in  each 
subsequent  datum.  If  7  is  too  large,  xin)  and  jt(n+7)  will  appear  to  be  random  with  respect  to  each  other  for 
a  chaotic  system.  The  first  local  minimum  of  I(T)  determines  an  optimum  value  of  7.  Past  this  point  in  a 
chaotic  system,  ambiguities  in  the  correlation  between  x(nj  and  x(n  +  T)  arise  -  they  start  to  appear  random 
with  respect  to  each  othn.  The  state  space  portrait  begins  to  lose  resolution  and  Ae  fractal  nature  of  the 
attractor  starts  to  become  blurred. 

The  average  mutual  information  for  the  baseline  (known  good)  gearbox  data  is  shown  in  figure  4.  The  first 


local  minima,  at  sample  6  (1.875x10-5  sec),  is  a  shallow  minima.  The  higher  peaks  correspond  to  events 
that  are  occurring  on  an  average  of  149.7  samples.  These  events  are  the  engagements  of  the  input  spur 
pinion  and  the  intermediate  spur  gears.  The  rate  of  engagement  is  2,137^6  meshings  per  second.  These 
artifacts  are  evident  across  the  entire  data  collection,  as  are  the  lower  mesh  rates  from  the  teeth  on  the  other 
gears. 

3.2.  Find  the  minimum  embedding  dimension. 

The  full  behavior  of  a  system  described  by  n  independent  variables  can  be  observed  in  an  «  dimensional 
"state"  space.  However,  the  attractor  of  the  system  may  be  contained  in  a  subset  of  the  state  space  with 
dimension  and  may  be  described  in  a  state  space,  d,  that  is  much  smaller  than  n.  This  minimum 
embedding  dimension  d£  is,  at  most,  the  first  integer  greater  than  2dA  (the  correlation  dimension);  it  may  be 
less. 

Determination  of  the  minimum  embedding  dimension,  d^,  is  of  practical  interest  because  the  computation 
burden  rises  dramatically  as  dimension  increases.  Further,  noise  fills  all  dimensions,  so  computations 
carried  out  in  a  higher-than-necessary  dimension  will  be  corrupted  by  noise.  If  d^  is  too  small,  the  trajectory 
may  cross  itself..  Neighbors  near  the  crossing  may  be  indistinguishable  in  lower  dimensions. 

An  easy  method  of  determining  minimum  embedding  dimension  is  used  in  our  processor^.  As  dimension  is 
increased,  attractors  "unfold."  Points  on  trajectories  that  appear  close  in  dimension  d  may  move  to  a  distant 
region  of  the  attractor  in  dimension  d+1.  These  are  "false"  neighbors  in  d  and  the  method  measures  the 
percentage  of  false  neighbors  as  d  increases.  Trajectories  that  are  close  in  d  are  tallied,  and  the  number  of 
these  trajectories  that  b^ome  widely  separated  in  d+ 7  are  calculated.  Over  the  data  set  one  tallies 


where  Rd  is  the  Euclidian  distance  between  a  point  and  its  nearest  neighbor  and  Rtoi  is  the  criteria  for 
declaring  whether  the  neighbors  that  are  close  in  d  are  distant  in  d+1. 

A  second  criteria  is  necessary  because  the  nearest  neighbor  is  not  necessarily  “close.”  If  the  nearest  neighbor 
to  a  point  is  false  but  not  close,  then  the  Euclidian  distance  in  going  to  d-»-l  will  be  «  2Ra.  So,  the  second 
criteria  is 

where 

”  «-i 

A  nearest  neighbor  is  false  if  either  test  fails. 

Figure  5  shows  the  global  false  nearest  neighbor  calculations  for  these  data.  The  data  are  clearly  higher 
dimension,  which  is  not  surprising  considaing  that  the  accelerometer  is  capturing  multipath  signals  from  six 
gears  with  381  teeth.  The  teeth  on  the  input  spur  pinion  are  engaging  at  a  rate  of  2,138  engagements  per 
second.  The  bull  gear  mesh  rate  is  only  275  engagements  per  second  on  each  of  the  two  pinions,  but  it  takes 
almost  a  half  a  second  for  one  complete  revolution.  It  would  appear  that  the  global  embedding  dimension  for 
this  signal  is  at  least  12,  but  could  be  higher. 


3.3.  Compute  the  correlation  dimension  of  the  attractor. 

The  fractal  dimension  of  the  attractor5,  da,  provides  information  on  how  much  of  the  state  space  is  filled  by 
the  system.  One  interpretation  of  da  is  that  it  measures  how  many  degrees  of  freedom  are  significant. 
Another  interpretation  of  the  fractal  dimension  is  that  it  provides  a  measure  of  how  an  object’s  bulk  scales 
with  its  size;  bulk  =  size'**.  Bulk  that  can  be  associated  with  volume  and  size  is  then  interpreted  as  Euclidean 
distance.  A  plane,  for  example,  has  dimension  two  because  the  area  =  d^.  The  fractal  dimension  of  the 
attractor,  dg,  may  be  estimated  using  Ruelle's  approach  by  calculating  the  number  of  spheres  or  boxes, 
N(r),  of  size  r  that  capture  all  points  as  r  approaches  zero: 

‘  log(K) 

Grassberger  and  Procaccia^  defined  a  relatively  easy  approximation,  the  correlation  dimension,  that  may  be 
done  on  a  PC  for  high  SNR  signals.  One  major  issue  is  the  sensitivity  of  these  calculations  to  signal  SNR. 
The  amount  of  data  required  to  do  the  calculations  may  dramatically  increase  as  SNR  decreases. 

Using  120,000  samples  (a  little  less  than  1/2  second)  the  attractor  is  shown  to  be  well  populated  by  the 
histogram  of  N{r)  —  the  top  curves  in  figure  6.  The  bottom  curves  in  figure  6  are  the  estimates  of  da  for  all 
locations  along  the  top  curves.  The  pointer  shows  where  the  final  estimates  are  selected,  and  presented  in 
figure  7.  The  final  estimate  of  da  =  5.9  is  consistent  with  the  estimate  of  de  >=  12. 

3.5.  Compute  the  Lyapunov  exponents. 

The  Lyapunov  exponents  describe  the  rate  at  which  close  points  in  the  state  space  diverge.  There  is  one 
exponent  for  each  dimension.  If  the  Lyapunov  exponents  are  all  zero  or  negative,  the  trajectories  do  not 
diverge  and  the  system  is  stable.  If  one  or  more  Lyapunov  exponents  is  positive,  the  system  is  chaotic^.  The 
Lyapunov  exponents  are  invariant  with  respect  to  initial  conditions.  Therefore,  they  are  another  way  of 
classifying  a  chaotic  system.  The  more  exponents  one  can  correctly  find,  the  more  accurate  predictions  of 
system  behavior  will  be*. 

All  the  Lyapunov  exponents  may  be  calculated  from  the  Jacobian  of  the  map  by  the  QR  decomposition 
technique  discussed  by  "EKRC."9 

As  defined  above,  Lyapunov  exponents  are  a  global  invariant  because  they  describe  the  effect  of 
infinitesimal  perturbations  over  infinite  time.  Recent  approaches  examine  how  perturbations  grow  in  finite 
timeio  and  how  these  local  Lyapunov  exponents  relate  to  predictability!  L  The  local  Lyapunov  exponents 
measure  the  divergence  of  trajectories  in  different  regions  of  state  space. 

Our  calculations  of  the  global  Lyapunov  exponents  in  twelve  dimensions  show  that  there  are  several  positive 
exponents.  The  numeric  results  of  these  calculations  are  questionable  due  to  the  amount  of  data  that  would 
be  required  in  such  high  dimension  and  other  algorithmic  issues.  But,  the  sign  of  each  exponent  is 
believable  and  the  presence  of  at  least  one  positive  exponent  is  sufficient  for  our  purposes. 

4.  CONCLUSION 


These  data  meet  the  rigorous  definition  of  chaos:  broad-band  spectra,  a  non -integer  correlation  dimension  dg 
<  de  and  at  least  one  positive  Lyapunov  exponent.  Our  curiosity  about  the  global  nature  of  this  physical 
system  is  satisfied.  The  next  challenge  is  to  translate  this  knowledge  into  methods  for  fault  prediction. 
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Figure  6.  Correlation  dimension  histogram  (top)  and  local  slopes  (bottom). 
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Our  group  meet  to  (hscuss  and  define  issues  related  to  CRITICAL  EQUIPMENT 
FAILlhlES  AND  MAINTENANCE  ISSUES.  Our  methodology  was  to  combine  broad 
definitions  with  specific  examples  to  generate  a  list  of  specific  recommendations  for  future 
investigation. 

Our  topic  area  begs  a  definition  of  some  terms.  The  following  general  definitions  were 
developed; 

a.  A  CRITICAL  FAILURE  is  one  that  results  in  any  of  the  following: 

1 )  A  loss  of  the  platform. 

2)  A  loss  of  life  or  serious  injury. 

3)  Significant  financial  intact 

No  attempt  to  further  define  items  such  as  'serious  injury'  or  'significant 
financial  impact'  was  made  by  the  group,  these  can  be  fiUed  in  by  the 
wpropiiate  medical  and  comptroller  personnel. 

b.  A  CRITICAL  SYSTEM  OR  COMPONENT  is  one  in  which  -  if  failure  of  the 
system  or  component  were  to  occur  -  would  result  in  a  CRITICAL  FAILURE. 
Further  break  down  to  identify  the  specific  system  or  component  would  need  to  be 
done  at  the  platform  level  based  on  the  guidance  given  by  the  cognizant  system 
directorate. 

The  group  then  shifted  to  specific  failures  related  to  the  H-46  helicopter.  A  list  of  176 
critical  failures  in  12  separate  components  of  the  rotor  and  drive  system  components  was 
provided  by  Ellick  Wilson  fiom  NADep  Cherry  PoinL  This  list  covered  the  period 
generally  fiom  1990  to  1993  and  involved  equipment  failures  found  during  inspections  at 
time  intervals  less  than  the  then  expected  lifetime  eiq)ectancy  of  the  individual  components. 
Some  aircraft  were  lost,  but  most  of  the  failures  were  found  during  depot  level  inspection. 
The  current  corrective  actions  consist  of  increasing  the  inspection  frequency  and/or 
tightening  the  inspection  criteria  to  tighter  dian  the  original  design  sp^ification.  Most  of 
the  failures  involved  fatigue  cracks  in  forged  components.  The  failures  were  repeatedly 
found  in  the  same  locations  and,  in  retrospect,  the  location  could  have  been  implied  from 
the  original  design  to  be  susceptible  to  fauuie. 
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Session,  "Critical  Equipment  Failure/Maintenance  Issues' 


The  iDostlinuiiDgopezationai  item  on  the  list  was  the  Pitch  Shaft.  This  oan^woeiit 
allows  the  mdividoafiotor  blade  to  dunn  pitch  axui  absorbs  the  forces  and  moments  to 
connect  the  blade  to  tteiotnr  assembly.  I>sem  the  short  mterval  between  the  initial 

fanlt  and  ultimate  faihse,  tUs  cozq>oneat  zequiies  an  inspecticiD  after  every  two 
hours  of  operation.  The  steps  formulated  were  then  generalized  to  wqiplicable  to  odier 
platforms. 

The  first  step  in  formulating  this  monitodog  process  is  to  identify  foe  failure 
HViftiMinimt  to  fois  case.  the  Rtcb  Shaft  failure  mechanism  is  due  to  a  combination  of 
corrosion  and  fotigueinrtooed  cracking,  to  the  znoregeoendized  case,  this  information  nuy 
not  be  known  and  would  lequixe  investigitioQ  to  detemiine  the  cause  of  fiuluie. 

The  second  step  is  to  identify  any  detectable  or  chaiactedstic  indicatois  of  the  inception 
of  the  lisult  or  fidhim  mechanism.  This  should  not  peclude  the  pteexisdnefoult  that 
escaped  the  initial  manufaetming  process.  The  minal  detection  would  imply  the  first 
detection  of  a  oadc  or  crack  propagation  ihieunderiytogassanmtioabemgihaiiffoe 
conttition  passed  ttg  initial  tnaniifacoifing  criteria,  it  was  accqrtable  for  servictL 

The  third  step  is  to  identify  the  tensoefs)  and  the  loeaiions  to  detect  the  diaracterisdc 
indicators  of  foe  fault  Ae  path  foff  the  delected  ehaiaeterirtig 

indicatoifs)  may  need  to  be  itfentifi^  to  foe  case  of  the  Pitdi  Shaft,  the  sensor  would 
probably  have  to  be  on  foe  rotating  portion  of  the  H-46  rotor  assembly. 

The  fomfo  step  is  to  anali^  foe  sensotfs)  outpat(s)  for  foe  characteristic  fidlure 
signature  to  clas^  and  oonmm  foe  detection  of  the  ^uie.  This  process  used  to  classify 
the  failure  would  depend  on  foe  sensorfs)  used  and  the  characteristics  to  be  detected.  To 
preas^gn  an  analysis  regime  would  limit  the  effectiveness  of  the  first  three  stePitch  Shaft 
and  the  process  as  a  whde.  The  process  hardware  will  need  to  wifostand  adverse 
operaiia^  environment  end  weafoer. 

The  fifth  step  is  to  generate  an  output  identifying  foe  detected  fuilt  to  foe  ^sopri^ 
location.  Since  tlus  is  the  Pitch  Shaft  and  an  identmed  critical  part  for  the  H-46,  foe  pilot 
should  get  foe  real  time  indication  of  each  detected  fuilt  Onl:jr  one  detected  fuilt  is  a 
differait  circumstance  from  multiple  fault  detectitms  and  this  information  would  be  needed 
by  foe  pilot  The  detection  event(s)  should  be  recorded  for  down  loading  to  maintenance 
personnel  at  tte  end  of  foe  flif^t  The  monitoring  process  should  yield  a  positive  indication 
of  fault  inception  or  growth  with  a  lugh  probability  of  detection  arid  a  low  probability  of 
false  alann. 

The  above  sinutioD  was  lor  a  pie  existing  platform  such  as  foe  H-46.  For  platforms  in 
foe  initial  design  phase,  die  designation  of  critical  systems  and  cozruxments.  idatification 
of  failure  locations  and  mechanisms  with  the  characteristic  detectable  pararrieteis  should  be 
accomplished  in  the  design  phase.  Sensor(s),  processing  techniques,  etc.  can  be 
incorporated  up  finom  ai  reduced  cost  and  afford  greater  utility  to  the  opetattff  and  the 
maintenanoe  activities. 

For  routine  maintenance  foe  need  exists  for  improved  insp^on  techniques, 
toquovements  in  the  sensitivi^,  ease  of  condueiing  foe  inn^OD.  decreasing  the  skin 
level  of  foe  inspector  and  itrqnoving  the  tuggedness  of  the  mspection  device  all  would 
make  the  inspe^on  fnnctiorw  and  meaningful  at  foe  lowest  mganizatiooal  levd  feasible. 
This  would  require  systems  with  built  in  expertise  lod  integration  with  foe  training 
pipelines  for  iat  various  maintenance  personnel. 


In  addition,  for  routine  maintenance  inspections  that  can  not  be  covered  by  odier  means 
but  require  some  tear  down  to  gain  access  to  the  inspection  site  by  foe  inspector  and/or  foe 
inroumem,  installation  of  devices  to  facilitate  the  mspecdons  would  save  foe  tear  down 
time  and  eosts.  Such  devices  as  remote  or  imbedded  sensors,  remote  calibration 
capaUlides  or  even  foe  simple  erqiedience  of  an  access  {date  can  save  hours  and  dollars  in 
foe  maintenanee  area. 

The  last  two  hans  in  foe  routine  maintenance  category  are  more  programmatic  foan 
tecbnicaL  First,  foe  tiiMly  analysis  of  the  maintenance  dau  for  the  whwe  fleet  (of  aircraft. 
shiPitch  Shaft  trucks,  etc.)  should  be  conducted  to  identify  repeated  failures  and  systems 
or  compcments  that  n^  to  be  re  engineered.  This  is  a  case  where  tiie  design  did  not  meet 
th^  fim^nnal  A»manA<  of  fog  plaffflrm  and  the  design  .Armld  he  mndifiad.  Secondly,  an 
analysis  of  die  operational  data  should  be  conductesd  routmely  •  on  a  fleet  wide  basis  -  to 
see  ^  platform,  system  or  compraent  is  living  widiin  the  design  operating  profile. 
Excessive  qpertting  demands  (that  have  not  yet  caused  failure)  should  be  iden^ed  and 
over  stressed  systems  or  components  should  be  re  engineered  in  advance  to  preclude  futnte 
failures. 

None  of  the  above  specifically  calls  for  a  prediction  of  the  remaining  life  in  a  platform, 
system  or  emnponent  Such  a  forward  loddng  device  is  wananted  to  aUow  foe  scheduling 
and  coordinating  of  maintenance  efforts  and  to  insure  that  proper  siq^tt  is  available  from 
supply  and  personnel  are  available  to  effect  the  xqiair  in  a  timdy  manner.  The  reccuding  of 
opc^cmal  or  life  cycte  data  and  the  systematic  (religious)  determination  of  life  remaining 
before  failure  is  a  desired  goal.  The  actions  recomimaded  above  would  lead  to  tiiat  end. 
For  existing  platforms  (e.g.  foe  H-46  which  has  probably  exceeded  its  designers  wildest 
expectations)  fois  is  a  diffiailt  to  iizqiossible  task  since  tiu  life  time  may  have  been  already 
exceeded.  individual  conqionents  witiiin  these  platforms,  this  may  be  an  iqiproachable 
goal.  Certainly  in  new  acquisition  platforms,  this  should  be  an  attainifole  goal. 


Recommendations 

Recommend  that  the  methodologies  indicated  above  be  implemented  to  inmrove  the 
reliabilify  of  the  Navy’s  maintenance  system.  Specifically  recommnid  the  following 
methodology  for  in  service  platforms: 

First:  Identify  the  failure  m«i*^hnniwn 

Second:  Identify  any  detectdile  or  chatactBtistic  indicators  of  tiie  inception  of  foe 
fault  or  failure  iTii./»iiani«m 

Third:  Identify  the  sensorfs)  and  the  location(s)  to  detect  the  characteristic 

indica^OflhefaUh.  AtMitinnally,  transmiKsinn  pnrh  fnf  fof 

characteristic  indicaiot(s)  may  need  to  be  identify 

Fourth:  Analyze  die  sensor(s)  output(s)  for  the  cbaracteiistic  failure  signanire  to 
classify  and  confirm  the  detection  of  die  failure.  This  process  used  to 
classify  the  failure  would  depend  on  foe  sensoifs)  used  and  the 
charaiMetistics  to  be  detected. 

Fifth:  Generate  an  output  identifying  the  detected  fault  to  the  appropriate  locatiosL 

Sixth:  Identify  remaining  service  life 


WbUe  tbe  inpleaieaiaticm  of  ihese  stePitch  Shaft  niay  be  a  dauDOxig  task  for  a  coixmlM 
platform,  die  iffiplemratatioQ  on  selected  cooqMiiats  or  systems  shofoM  be  a  feasible  goal 
foratriaIoaanairciait.sluporlaiulplatfomL  For  a  construction  platform  or  weapoo 
system,  these  stePitch  Shaft  should  be  done  in  the  design  sot^. 

Fbr  routine  maintenance,  recommend  the  following: 

First  Improved  inspection  techniques  to  make  the  inspection  fuDCtional  and 

mmoungfiil  at  the  lowest  ot;pauzational  level  fe^le. 

Second:  Installation  of  devices  to  facilitate  the  inspections,  remote  or  imbedded 

sensors,  remote  calibration  capabilities  to  obviate  tibe  need  for  tear  downs 
and  rebuilds  iL^jely  for  access 

Third:  Timely  anal^  of  die  maintenance  data  for  the  whole  fleet  to  idendiy 

repeated  fainnes  and  systems  or  coixqKments  that  need  to  be  re  enguteered. 

Fourth:  Analysis  of  the  opetatiODal  data  to  identify  excessive  operating  demands 
should  identify  over  stressed  systems  or  components  that  require  re 
engineering  to  preclude  future  ftuluies. 
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Introduction 


The  issue  of  understanding  "failure  mechanisms"  seems  to  have  surfaced  from  almost 
every  group  addressing  the  issues  of  condition  based  monitoring  (CBM).  Failure 
mechanisms  underg^rd  the  whole  concept  of  CBM  in  the  following  ways: 

•  Intelligent  use  of  current  condition  monitoring  technology 

•  Required  for  the  development  of  new  sensors  and  monitoring  technolo^, 
including  basic  decisions  to  make  CBM  work. 

Fulure  mechanisms  were  subdivided  into  two  categories  •  TRIBOLOGICAL  and 
STRUCTURAL.  The  category  of  structural  includes  bearing  and  gear  structural  parts 
like  rolling  elements,  rings,  gear  teeth,  etc.  Tribology  deals  with  load  carrying  surfaces 
and  lubricatii^  materials. 

i^proMffiately  8  people  participated  in  this  group.  Unfortunately,  the  distribution  of 
^l^plines  was  very  heavily  weighted  on  the  tribology  side.  For  this  reason,  the  report 
does  not  do  justice  to  the  very  important  structural  failure  mechanisms. 

TRIBOLOGICAL  FAILURE  MECHANISMS 

Almost  all  oil  wetted  parts  are  critical  components  in  power  transmitting  systems.  The 
lubricating  fluid  is  an  integral  part  of  the  mechaxustic  process.  Because  of  this  mechanistic 
studies  and  modeling  should  include  both  oil  supply  attributes  and  mechanistic  processes 
that  are  connected  to  oil  analysis. 
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Supply  Attributes 

'With  extended  opcrxdon,  there  is  greater  concern  for  o3  coking  of  passage-ways  in  hot 
aecdons  (potential  engine  problem).  A  least  one  engine  company  hu  discussed  the 
possible  use  of  sensors  in  tress  known  to  gjve  problems.  Tbn  are  no  known  sensors  for 
coldng.  Current^,  o3  suppliers  are  working  on  what  some  call  "tUrd  generatioD*  oils 
udiich  tend  to  be  somewhat  "cleaner”  with  regard  to  d^^.  The  &ct  diat  there  b  action 
in  thb  area  u  an  indicator  that  there  b  tome  concern. 

Maig^  o3  supply,  dl  interruption  and  dt-off  coitditions  are  critical  events  for  lubrication 
and  cooling.  Thim  b  little  understandng  of  the  tribolopcal  progrtsson  of  events  in  real 
hardware  or  even  nnqile  bendi  tests^  that  would  allow  prognoM  of  running  time  to 
Mure  or  remaining  life  folloudng  recovery. 

03  Analysb 

It  is  relatively  easy  to  monitor  o3  condition  fat  total  add  number  (TAN),  change  in 
viscosity  and  othv  attributes  routinely  provided  in  programs  tike  SOAP.  Whether  on-line 
or  off-tine,  the  results  of  o3  analyds  are  not  entirely  clear  with  r^ard  to  the  predse 
location  of  a  problem  and  dedaons  on  maintenance  or  remaining  lifb.  In  addition,  o3s 
become  oontanunated  and  suffer  from  additive  dqtletioiL  There  b  a  iteed  to  address  the 
impact  of  tins  on  the  tribolopcal  mechanisms  that  relate  to  performance  and  remaining 
life. 

Lubricating  Film  Fonnation  Mecbanbms 

Mechanisms  assoebted  unth  the  frmnation  of  lubricating  fifans  are  geoeralty  understood. 
These  indude: 

hydrodynamic 

dastohydrodynamic  O^HL  or  EHD) 
boundary  film 

The  first  two  are  used  in  design  by  way  of  the  "lambda  ratio  Ot/o)  wlucfa  aUows  a 
calculated  o3  film  thickness  (h)  to  be  judged  in  rdationslup  to  sur&cc  fiinsh  (o).  There  b 
no  profitable  reason  for  CBM  to  fi)cus  on  aubde  features  assoebted  with  hydrodynamic  or 
Eiro  medtanbms. 

The  formation  ofboundary  films  are  much  more  mysterious.  Derigners  and  users  know 
that  they  can  purit  there  petfotxnance  limits  fiitther  trith,  for  example,  certain  types  of  o3s 
such  as  DOD-L-85734  vs  MILL-23d99  due  to  the  added  chemistry,  fo  any  case,  the 
mechanisms  of  fihn  formation  are  much  better  undmstood  the  mechanisms  of  flulure. 
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Lubricating  Film  Failure  Mechanismi 

Life  for  very  smali  (h/a)  has  many  pathways.  It  is  recognized  that  these  conditions 
produce  many  con^>etitive  tiibolo&cal  processes.  Some  of  these  are  identified  below: 

Subsiafttce  Fatigue 

Crack  initiation  and  propagation  below  the  surface  due  to  cydilc  stresses  can  lead  to 
ipallirig.  With  much  improved  bearipg  and  gear  materials,  the  frequency  of  sub>surface 
iritiated  fotigue  has  been  mostly  eliminated.  Most  spalling  frtigue  appears  to  be  due  to 
surfrice  initiated  phenomena  to  be  discussed  below.  Yet,  sub-suifoce  fotigue  is  an  issue, 
not  only  for  trfoologjcal  suifiues  but  for  structural  fiulure  mechanisms.  There  is  a  need  for 
capturing  tome  kind  ofprecursor  to  the  initiation  ofasubsurfime  crack.  Thisis 
particularly  important  for  Mure  mechanisms  where  crack  iiutlation  is  more  important  than 
crack  propagatiorL 

Surface  initiated  Failure 

The  CBM  needs  assodated  udth  surface  initiated  frilure  mechanisms  can  be  divided  into 
singular  defects  and  low  (h/o)  operation. 

Singular  d^eets  •  These  include  nicks,  scratches,  corrotion  pits  and  dents  caused  by  third 
body  particles  (hard  or  soft).  These  defects  cause  local  stress  risers  which  can  lead  to 
crack  initiation  and  pitting  or  spalling.  These  defects  also  cause  local  loss  of  lubricating 
films  which  may  be  an  initiating  site  for  progressive  wear  or  scufBug.  Large  sif>gular 
defects  cause  vibration  tignatures.  There  is  a  need  for  modeling  the  impact  of  surface 
defect  size  and  shape  or  third  body  morphology  on  hfo  and  ttibolopcal  performance.  At 
overhaul  there  are  inspection  oiteria  and  tooling  for  rejection  due  to  su^ce  defects. 
However,  the  impact  of  defect  size  is  now  known  to  be  relative  to  component  size  (radius 
of  curvature)  and  lubrication.  It  is  possible  that  too  many  parts  are  scrapped.  It  is  tiso 
possible  that  overhauled  parts  should  not  have  been  return^  to  service. 

Low  (h/o)  operation  •  Many  oil  wetted  components  operate  under  these  conditions  due 
to  on^  or  a  combination  cii,  low  opeeA,  high  tempmture  and  rough  surfaces.  With  regard 
to  mechanistic  understanding  for  CBM,  the  difficulty  is  that  the  tribological  processes  can 
follow  maiiy  pathways  and  the  rate  of  events  can  be  from  benign  to  catastrophic.  Some 
turftee  des^ptive  ftatures  are  listed  below: 

polishing  wear  scuffing  (hght,  mild,  heavy) 

nm-in  scratches  (score  marks)  severe  wear 
peding 
smearing 


The  tiiholopcal  processes  associated  with  the  hems  in  the  middle  cohunn  are  very 
common  in  hardware  and  are  likely  to  be  precursors  to  more  catastrophic  failure.  The 
debris  from  these  proo  :ses  is  very  small  and  not  easily  collected  with  debris  monitoring 
equipment  Also,  typcal  tribological  bendi  tests  for  wear  go  well  beyond  these 
mechanisms  where  the  wear  coeflScient  is  very  small.  There  is  a  need  for  better 
understanding  of  these  wear  modes  and  how  thqr  relate  to  satis&ctoiy  lubrication  and  also 
how  they  progress  to  more  advanced  forms  of  auifrtce  deterioration.  A  "neural  n^work” 
of  features  associated  with  wear,  fracture  and  oil  attributes  as  sketched  together  by  Bill 
Ruff  is  attached. 

With  Ttgud  to  sur&ce  initiated  Mure  mechanisms  two  general  needs  can  be  identified: 

•  Identification  of  tribological  pathways  in  critical  hardware  and  their  connection  to 
operating  conditions. 

•  Development  of  tribolo^cal  models  for  low  (h/o)  operation  and  laboratory 
simulation  of  hardware  conditions  to  find  indicators  for  life  pro^iosis  (remaining 
Ufc). 


<enrebin> 
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CONCLUSIONS  AND  RECOMMENDATIONS 

The  deliberatic  ns  of  the  group  were  based  on  the  premise  that  what  we 
don’t  know  sf  outd  be  explored.  Three  subjects  about  which  there  is  a 
critical  gap  in  understanding  were  selected  as  priority  items  for  new 
research  progfams: 


Specific  concerns  lor  the  above  candidates: 


Lubricated  wear  can  occur  in  thin  film  hydrodynamic  contacts  and;  in  so- 
called  boundajry  lubricated  contacts,  in  the  former,  the  lubricating  film 
supports  the  contact  load  by  self-generated  film  pressure.  The  thickness 
of  the  film  and  the  pressure  distribution  in  the  film  can  be  calculated. 

In  boundary  librication,  on  the  other  hand,  there  is  no  hydrodynamic  factor 
relying  on  viscosity  to  support  load.  Currently  there  is  no  useful 
analytical  appioach  for  modeling  boundary  lubrication.  All  models  depend 
on  empirical  cata.  A/072S* 

/WCcfkitlte  "HiAf  'V"  ix> 

Thin  film  brea  <  down  -ofiu/ts  do  Kci"  /tiso/f /*i ' 

For  thin  film,  hydrodynamic  wear,  we  can  estimate  film  thickness  and 
relate  it  to  the  surface  roughness  (heights  of  asperities).  This  approach  is 
used  in  the  design  of  bearings  and  gears.  However,  there  is  no  way  of 
determining  what  film  break  down  and  subsequent  release  of  wear  debris 
or  scuffing  is.  The  factors  which  lead  to  film  break  down  are  not  known  to 
the  extent  tha  they  could  be  used  in  a  failure  model,  it  is  quite  possible 
that  when  the  supporting  lubricant  film  becomes  so  thin  that  some 
asperities  contact,  boundary  lubrication  takes  over. 


New  research  is  needed,  therefore,  to  develop  a  film  break  down  model. 
The  model  should  define  film  break  down  and  find  conditions  that  lead  to 
it.  Detection  o|  Incipient  film  break  down  should  then  be  a  product  of  this 
research. 


Boundary  Lut  ricatiOQ 

Boundary  lubrication  has  been  left  to  empirical  studies  for  half  a  century. 
In  the  meantirr  e.  hydrodynamics  and  EHL  have  been  developed  into  elegant 
mathematical  models.  It  is  time  that  the  dynamics  of  boundary  lubrication 
be  investigated  and  subjected  to  modeling. 

For  the  Navy's  concerns,  some  aspects  of  boundary  lubrication  demand 
attention: 

What  properties  are  required  to  develop  an  effective  boundary  film? 
Supstrate  bonding 

Reaction  process  in  the  contact  region 
D^radation  process  (how  does  it  wear  away) 

Eftlect  of  contact  pressure  and  shear  rate 
Structure 

Wljat  can  poison  a  boundary  film  reaction 

It  Is  suggesteil  that  new  surface  analytical  techniques  may  be  useful  in 
the  study  of  tijie  above  boundary  film  mechanisms.  It  appears  that 
techniques  being  developed  will  enable  study  of  chemical  processes 
within  the  conltact  zone  during  lubricated  wear  for  study  of  the  basic 
mechanisms  m  boundary  lubrication  and  wear. 


Contact  Fatigig 

Since  subsurface  generated  contact  fatigue  is  less  likely  owing  to 
development  (l>f  improved  materials,  surface  generated  contact  fatigue 
should  be  corjcentrated  on.  In  particular,  the  effect  of  surface  defects  on 
the  fatigue  process  needs  to  be  addressed.  If  those  surface  defects  that 
lead  to  fatigu^  can  be  classified  so  that  they  can  be  detected 
nondestructivejy,  considerable  savings  in  replacement  of  parts  in  low 
supply  can  bej  achieved.  It  is  hoped  that  those  surface  defects  that  are 
benign  can  be  characterized  so  that  they  can  be  confidently  ignored. 


Defects  includ 


e  dents,  scratches,  scuffing,  fretting  and  corrosion. 


Some  suggest  3d  characteristics  to  be  investigated  include: 

•  Morphology 

The  shape  .size  and  stress  raiser  features  of  defects  will 
influence  the  probability  of  initiating  a  crack. 
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•  Orientation 

In  rolling  contact  bearings,  the  orientation  of  defects  to  the 
rolling  d  rection  will  influence  the  disruption  of  the  EHL  film, 

•  Surface  chemistry 

Lo  :al  polarity  of  critical  surface  areas  can  lead  to  galvanic 
offsets.  Segregation  of  alloy  constituents  caused  by  contact 
strsss  can  lead  to  pitting.  Corrosion  pitting  can  act  as  sites 
for  crack  initiation. 

•  Dents  and  nicks  can  produce  near  surface  residual  stresses  that 

cai  increase  the  likelihood  of  or  inhibit  crack  generation. 

The  above  characteristics  and  their  Interaction  with  the  contact  fatigue 
process  should  be  modeled  so  that  the  probability  of  damaging  fatigue 
from  defects  <  r  combination  of  defects  can  be  confidently  predicted.  The 
model  should  enable  establishment  of  criteria  for  detecting  critical 
defects.  I 


I 

Slcuclural  EatSaua 

The  effect  of  surface  defects  on  structural  fatigue  should  also  be 
illuminated  by  |  the  research  on  basics  of  surface  defects  on  contact 
fatigue. 


TOTAL  P.04 


issue:  fAiLuki  w 

WkyJ  CBAf 

HIM*  "  **»  J  •A##/#jf^. 

«  J»v/pyme»f  #f  #•####  on*/ 

in*ttt^»t>  inn  f**h,  im*/ 

:  TiU$HB$it4l  STJUfcrittBl 

TBIBOIPBIC/H 

OU  Of/ 

yp0c^99S 

/>i#€/«//»>^  /««/. 

*  r#:  «00f{0f ,  l»kp, 

-  C0kf»j  w  StPMM  ? 

-  fmy*f  0f  m00f>tt0l  /kA/*  #  oU’pft 

(f0^0  optfmtiMm  f‘/in0) 


fi'/m  ^  OK 

•  Aj^Vy««4n  /«>  li/r  J*0ffii, 

•  .  •••^.  J  f90m»»aihh  itfa 

'  a,m^  fttmklttty 

film  faijare  mm^kmajaMa*  •  ttfa^  Ok. 

hmyamJ  *matt  ka$  mmmy 

parkway  a 

*  Camytiftve  pp»€9ss*x : 

^kak^avrfaaa  faflaat^ 

•  la»9  tmpar^malh  w  naaJ  ma^'h 

•  Ca»  alafaaf  mkam  fatiara  (tyaitfap) 
is  •atJarn'k^  kaf  maaat  preaarsar 

aSarfmaa  imif/afaJ  'fmttaarn, 

-  Stm^alaa  ti^faafs 

Jamtsf  aiaks,  9^taiskaa 

carstslan  9a0  kaJy  taaUmia‘*i 

Naa^  maJat  ias  impaaf  am  ftf* 

Calf  tarn  t  s/afaa^  siaa  amd  iataeel% 
cripapia  y*  trnah'ma 

'false  Imdtaafars  •'f  faaNs  f 
'$arap  faa  many  P*^^*  ? 


-  k/f 

*  iDfluy 

pmihkw0ys ^  s f»  AJmft 
0mit  it* 

AMry 

000000  ttfem0 
Um  w*«»  *0»f^,  00ff00 

k/ssfi : 

/,  /tfmM^ify  ywfhimy  fm 

hmnlw009  mmtt  00/0^  ^0 

00mtff^/00^ 

a.  ^0*t0^m0^0h  mm4  /m^0Pmf00y 

t/m  0^0  ti00 1  /,  f / tm^t*mt0t 
f#r  //#« 


fM'10 


ms 

SSPst^mss 

Jtmsssfms 


<  ilffc  f*mP 


PLENARY  SESSION 
Subgroup  Report 
SENSORS 


17  November.  1993 
Steve  Shaffer,  Group  Leader 

We  recognize  the  urgent  need  to  develop  advanced  sensor?  for  macliinery  and 
structures  on  ageing  aircraft,  ships  and  land  veWcles  which  exliibit  the 
characteristics  of  reliability  over  tlae  life  of  tlie  machine  or  structure,  low  life  cycle 
cost,  reduced  or  eliminated  calibration,  and  local  intelligence. 

We  recommend  a  two-pronged  approacli:  (1)  to  initiate  projects  for  the  near 
temt,  which  would  lead  to  improved  sensors  to  be  incorporated  into  critical  areas  of 
existing  equipment;  (2)  to  launch  projects,  for  the  long  term,  wliich  would  lead  to 
complete  retrofit  in  existing  platforms  or  future  new  ones. 

The  approach  that  we  suggest  for  tlae  near  term  program  is  to  modify  and 
integrate  existing  sensors  into  retrofitable  or  replaceable  parts  that  can  be  mtroduced 
directly  into  existing  systems.  This  may  be  accomplished  tluough  tlae  development 
of  a  family  of  in  situ  microsensors  for  primary  parameters  including  pressure, 
temperature,  vibration,  acoustic  emission,  viscosity,  strain,  shear  forces,  wear  debris, 
and  lubricant  contamination.  The  long  term  approach  is  likely  to  involve  tlae 
development  of  new  sensor  strategies,  including  sensors  that  are  compatible  witla 
fiber  optic  transmission  systems  and  central  array  processing  as  well  as  decentralized 
“smart"  sensors  wloicla  incorporate  both  transducer  and  processing  capability  on  a 
single  chip,  and  sensors  which  are  integrated  directly  into  critical  macloine 
components.  The  fiber  optic  system  anticipates  the  upgrade  of  on-board  signal 
traiasirussion  systems,  in  an  effort  to  avoid  problems  associated  witla  hostile 
enviroroments,  such  as  temperature,  shock,  dirt  and  electro-magnetic  interference. 

Tlaese  efforts  will  require  further  research  at  a  basic  level  in  areas  such  as 
corrosion  and  wear  processes  and  their  relation  to  crack  initiation  and  growth,  and 
claemistry  at  the  interface  of  lubricated  contacts.  These  processes  must  be  studied  to 
determine  what  metrics  may  be  the  most  important  for  future  development. 
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Oar  initial  discassion  revealed  that  die  participants  had  different  views  of  what  a  model 
should  encoiopass.  Roger  Bamxi  presented  bis  Q/pology  of  four  kinds  of  models:  (1) 
Phenomenolopcal  Models,  eg,  simple  ftiilt  propagation  models,  (2)  S>R  (Stimulus  Response) 
Models  lelalB  the  output  to  input  parameters  such  as  load,  (3)  l^erse  Mr^els  of  Explanation 
Type  predict  outcomes,  but  also  reveal  what  inputs  were  critical,  which  leads  to  explanations 
of  the  model  predictions,  and  (4)  Ihveise  Model  of  Control  Actions  generates  suitable  control 
actions.  One  example  would  be  a  leconfigntable  flight  control.  Modds  of  Otis  Iburth  ^pe  would 
be  suitable  where  analytical  modds  are  intractable  (such  as  time-varying  nonlinear  systems). 
Paradoxically,  this  type  of  modd  -may  he  easier  to  defend  than  the  third  ^pe,  which  permits 
explicit  explanadon  of  performance,  dnee  the  criteria  or  rules  then  become  subject  to  overdght 

In  the  context  of  mechanical  diagnostics,  different  types  of  models  are  appropriate  for 
different  parts  of  the  task.  For  example  in  the  ^stem  dedgn  phase  (diagnostic  system)  a  modd 
*A*  that  predicts  dgnals  emitted  by  a  fault,  and  the  site  of  emission  would  be  used  to  sdect 
sensors  and  locaCioos.  An  example  is  provided  by  CAD  design  programs  such  as  gear  mesh 
models  that  predict  vibration  spectra  and  noise  produced  by  cracks.  Such  models  can  operate  off¬ 
line  with  extendve  computer  resources,  ];>eiinit  many  *what  if”  e:^eriments,  and  permit  details 
to  be  added,  such  as  local  surface  Interactioas.  The  actual  real-time  diagnostic  system,  would 
con^  of  two  int^rated  components,  an  automatic  fault  detection  and  dassificadon  system 
(which  could  consist  of  spectral  decomposidon,  feature  extracdon/ieduction,  and  neural  network 
classifier)  and  a  model  to  track  the  &iilt  and  make  prognosis  of  time  to  component  and/or 
system  fidlure.  The  fiudt  detecdon/dassifier  component  would  fiag  agnals  of  faults  or  fault 
mention,  would  be  on-board,  and  would  process  mote  than  one  sensor  type.  Signal  paths  fiom 
different  sensors  or  sensor  types  would  maintain  paialld  paths  until  independent  calls  could  be 
made  and  an  aibitcaddn  technique  used  to  interpret  divergent  calls.  If  the  model  "B"  component 
was  statistical  or  a  simple  neural  network  if  would  require  the  availability  of  an  adequate  data 
sample,  which  might  be  e^qpeoave  and  difScuU  to  obtain.  However,  if  this  modd  incorporated 
an  adaptive  rqireseatatioh  of  the  physical  failure  process,  this  requirement  might  be  relaxed. 
This  modd  dionld  be  environmentally  and  regime  sensitive. 

Both  die  ”  A”  and  TB”  modds  would  require  validation  and  updating.  We  recommend  that 
a  ample  mediamcal  system  be  sdected  and  physically  built  and  modded.  Posable  mechanical 
systems  indude  a  set  of  four  right  angle  gears,  widi  variable  torque  and  internal  control,  or  a 
ampliSed  rotor  bead.  The  physical  modd  could  be  replicated  for  use  in  more  than  one 
laboratozy,  and  embedded  sensors  placed  within  iL  Parts  could  be  run  to  failure  routindy, 
widiaut  die  danger  associated  with  large  mechanical  systems.  Problems  which  emerge  in  fidd 
systems  could  be  analyzed  at  different  stages  of  die  Mure  process,  such  as  cracks  devdoping 
on  gear  teeth.  Such  testbeds  would  be  important  for  modd  validation,  sensor  devdqpment,  and 
advanciiig  the  understanding  of  the  Mute  process  of  materials  as  components. 

Sotne  of  the  scientific  and  engineering  approaches  we  see  as  critical  indade:  (1) 
devde^g*  hybrid  systems  that  combine  inductive  processon  (eg.  neural  nets)  with  deductive 
methods  (^.  expert  systems,  physical  modds),  (2)  Creating  software  tods  based  on  real  data 
and  knowledge  of  the  Mure  process,  (3)  fully  characterizing  simple  mechanical  modds,  eg. 
simple  gearbox  (4)  cbatacterinng  the  critical  steps  in  mechanical  Mure,  (5)  developing  that 
target  performance  of  a  diagnostic  system,  based  on  costA>eneflt  analyris  of  the  entire 
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JUL  91  ROTOR  BLADE  ATTACHMENT  FITTING  CRACK  DISCOVERED. 
AUG  92  AFT  ROTOR  SHAFT  FOUND  V^ITH  CIRCUMFERENTIAL  CRACK. 
JUL  93  SEALED  PITCH  SHAFT  FOUND  CRACKED  IN  SERVICE. 


CRACK  DETECTION  ACTIVITY 


FLEET  DETECTION  METHOD 
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H-46  ROTOR  HUB  FAILURE  LOCATIONS 
DEPOT  LEVEL  PROCESSING 


NR 

DATE 

FOUND 

DEFECT 

PROGRESSION 

1 

Feb-69 

GOUGE 

YES,  1.5* 

2 

Feb-83 

STOP  IMPACT 

NONE 

3 

Aug-83 

GRIND  CRACKS 

YES,  2.0* 

4 

May-86 

GOUGE 

YES,  1.0* 

5 

May-87 

GOUGE 

YES.  0.9* 

6 

Aug-87 

NICKED 

YES,  2.0* 

7 

Feb-88 

CORR.  PIT 

YES,  0.4* 

8 

Dec-88 

GRIND  CRACKS 

NONE 

9 

Dec-88 

FORGE  LAP 

YES,  0.4* 

10 

Mar-89 

NICKED 

YES,  2.5* 

11 

May-89 

NICKED 

YES,  1.0* 

12 

Mar-90 

UNK 

YES,  1.5* 

13 

Jul-90 

UNK 

YES,  2.0* 

14 

Jul-90 

GRIND  CRACKS 

NONE 

15 

Jun-91 

UNK 

YES,  1.5* 

16 

Mar-92 

UNK 

YES,  2.5* 

17 

Mar-92 

GRIND  CRACKS 

YES,  1.5* 

18 

Apr-92 

UNK 

YES,  2.5* 

19 

Apr-92 

GRIND  CRACKS 

YES,  1.0* 

*  FATIGUE  PROPAGATION  IN  INCHES 


H-46  CONNECTING  LINK,  P/N  A02R2551 


CRACK  lcx;ations 
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H-46  PITCH  SHAFT  ,  P/N  A02R2554 

CRACK  LOCATIONS 


H-46  failed  tie  BARS 
A02R2505'2 


NR 
“ 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 
16 
16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26  ' 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 


SERIAL 
NUMBER 
12649 
A-13119 
A-12341 
A>12350 
A-12475 
A-12789 
A-12754 
A-12726 
A-12474 
A-12652 
A-12661 
A-12662 
A-12827 
A-12643 
A-12306 
A-1265S 
A-12950 
A-12755 
A-12763 
A-12726 
A-12640 
A-12691 
A-12927 
A-12924 
A-13714 
A-12647 
A-14510 
A-13900 
A-14448 
A-13692 
A-13870 
A-15057 
A-14520 
A-14499 
A-13868 
A-14455 
A-14382 
A-14468 
A-14477 
A-14567 
A-14263 
A-14225 
A-14238 
A'14550 
A-14472 
A-14557 
A-13894 
A-12645 
A-14142 
A-14144 


DATE  BROKEN 

found  elements 
13-Jun-91  15 

18-Jun-91  2 

23-Jun-91  3 

23- Jun-91  3 

24- Jun-91  2 

24-Jun-91  2 

27-Jun-91  4 

27-Jun-91  2 

27-Jun-91  2 

29^un-91  5 

lO-Aug-OI  16 

18- Aug-91  22 

SO-Aug-OI  2 

30-Aug-91  2 

21-Ser>91  3 

27-NOV-91  4 

18-Feb-92  4 

l7-Mar-82  6 

17-Mar-92  7 

6-May-82  13 

1&JUI-92  3 

3-Aug-92  3 

5-Aug-92  4 

5-Aug'92  6 

11-Aug-92  4 

2-Se|>-92  -  15 

17-Sep^2  13 

22-Sep'92  8 

6-Oct-92  7 

6-001-92  5 

6-001-92  3 

9-001-92  4 

9-001-92  4 

9-001-92  4 

9-001-92  4 

13-001-92  3 

13- 001-92  3 

14- 001-92  3 

14-Oot-92  2 

14-001-92  3 

14-001-92  17 

14-OC1-92  15 

14-001-92  11 

160C1-92  5 

16-001-92  3 

16-OC1-92  3 

19-OC1-92  4 

21-Oot-92  5 

28-001-92  2 

28001-92  2 


TSN  HEAD 

"ssr 

103  AFT 

294  AFT 

234  AFT 

214  AFT 

274  AFT 

274  AFT 

300  AFT 

869  FWD 

324  FWD 

209  AFT 

209  AFT 

356  AFT 

302  AFT 

751  AFT  - 

UNK  .AFT 

253  AFT 

808  AFT 

-  808-  AFT 

870  AFT 

1018  ~  UNK 

632  -  UNK 

536 

536  UNK 
349  W 

's10e2-  "AFT— 

^:573  ’AFT  - 

398  -  AFT 

131 

398  AFT  - 

398  AFT 

UNK  UNK 

UNK  UNK 

UNK  UNK 

UNK  AFT 

46  AFT 

46  AFT 

409  FWD 

409  FWD 

409  FWD 

169  AFT 

169  AFT 

169  AFT 

323  AFT 

323  AFT 

323  AFT 

291  AFT 

UNK  AFT 

UNK  AFT 

UNK  AFT 


ARM  SQUADRON 

rId"  hS8 

YEL  HMM166 

UNK  HMM  264 

YEL  HMM  268 

GRN  HMM  164 

YEL  HC5 
RED  HC5 
YEL  DEPLOYED 
RED  DEPLOYED 
UNK  HMM  264 

YEL  HC  6  DET  6 

RED  HC6DET6 
RED  HC8 
RED  .HC8 
■RED  HMM  162  - 
.  RED  HC6 

UNK  HMM  265 

-CRN  HC5 

YEL  HC5 

YEL  HCSDETI 
UNK  HC11  • 

UNK  HC3 

UNK  UNK 

UNK  UNK 

YEL  HC11 

-CRN  HCSDETI 
UNK  HC3  - 

YEL  HC  11  DET  10^ 

YEL  HMM  261 
YEL  HC  11  DET  10 
RED  HC  11  DET  10 
HC8 
HC8 
HC8 

HC6DET4 
HMM  164 
HMM  164 


UNK 

UNK 

UNK 

YEL 

CRN 

YEL 

RED 

CRN 

YEL 

RED 

CRN 

YEL 

RED 

CRN 

YEL 

GRN 

RED 

UNK 

UNK 


HC8 
HCB 
HC8 
HC8 
HC8 
HC8 
HC11 
HC11 
HC11 
HC11 
HC3 
HMM  364 
HMM  364 


l8S2888J3«S88{SJ288823gl828S28a3{::l3{cJ|5iaS:5ia882!8IS28S2888Ja»aKa« 


51 


A-13540 

18-Nav-92 

4 

UNK 

AFT 

UNK 

HMM364 

A-14323 

19-NOV-92 

3 

145 

AFT 

RED 

HC  8  DET 1 

A-14084 

20-NOV-92 

3 

77 

AFT 

UNK 

HMM262 

A-14305 

3-Dec-92 

3 

UNK 

FWD 

UNK 

HMM364 

A-14058 

15-0ec-92 

3 

UNK 

FWD 

UNK 

HMM364 

A-14254 

15'Dec-92 

3 

UNK 

FWD 

UNK 

HMM364 

A-14464 

25-[>ec-92 

8 

200 

AFT 

YEL 

HC6DET2 

A-14087 

2-Jan-93 

6 

219 

UNK 

UNK 

HMM  261 

A-14239 

&>lan-93 

5 

106 

AFT 

GRN 

SOMS  K-BAY 

A-14531 

5>lan-93 

5 

106 

AFT 

YEL 

SOMS  K-BAY 

A-14430 

5-Jaiv-93 

1 

106 

AFT 

RED 

SOMS  K-BAY 

A-13882 

11-Jan-93 

7 

199 

UNK 

UNK 

HMM  261 

A-13856 

11^)an-93 

11 

199 

UNK 

UNK 

HMM  261 

A>13923 

11<Jan-93 

4 

199 

UNK 

UNK 

HMM  261 

A-14347 

ll'Jan'93 

4 

188 

AFT 

UNK 

HMM  262 

A-13140 

11^ian-93 

3 

143 

AFT 

UNK 

HMM  265 

A-14139 

20-Jan-93 

3 

352 

FWD 

UNK 

HMX1 

A<14270 

22-Jan-93 

6 

108 

AFT 

GRN 

HMM  163 

A-13957 

28-Jan*93 

2 

291 

UNK 

UNK 

HMM  261 

A-139S6 

3-Feb^3 

3 

225 

UNK 

UNK 

HMM  261 

A-14035 

17-Feb^3 

5 

UNK 

AFT 

RED" 

HMM  265 

A-13809 

5-Mar-93 

2 

163 

UNK 

UNK 

HMM  261 

A-13913 

5-Mar-93 

4 

163 

UNK 

UNK 

HMM  261 

A-13910 

e-Mar-^S 

4 

321- 

UNK 

UNK 

HMM  261 

A-14280 

7-Mar-g3 

4 

365 

AFT 

GRN 

HC8DET1 

A-14721 

l-Apr-93 

3 

UNK 

AFT 

UNK 

HMM  364 

A<13960 

5-Apr-93 

8 

618 

FWD 

GRN 

HC11  Dll 

A-12650 

8>Apr-93 

5 

554 

AFT 

UNK 

HMM  165 

A-18980 

12-Apr-93 

5 

104 

AFT 

UNK 

HMM  262 

A-13585 

13*Apr-93 

2 

UNK 

AFT 

UNK 

HMM364 

A-13885 

11-May-93 

6 

409 

AFT 

GRN 

HMM  264 

A-13871 

ll-May-93 

6 

409 

AFT 

YEL 

HMM2M 

A-13688 

11«May-93 

2 

409 

AFT 

RED 

HMM  264 

A-14290 

ll-May-93 

3 

313 

FWD 

GRN 

HMM  264  - 

A-14074 

14-May-93 

5 

208 

UNK 

UNK 

HMM  261 

A-14466 

24-May<93 

8 

106 

FWD 

GRN 

HMM  264 

A-12658 

17-Jun-93 

9 

UNK 

UNK 

UNK 

DEPOT  CHPT 

A-14722 

21-Jun-93 

7 

275 

AFT 

UNK 

HMM  364 

A-14093 

25Juiv^3 

5 

UNK 

AFT 

UNK 

HMM  164 

A<14109 

25‘>lun'93 

13 

UNK 

AFT 

UNK 

HMM  164 

A-14076 

25Jun-93 

9 

JNK 

AFT 

UNK 

HMM  164 

A-13489 

14^1-93 

11 

500 

AFT 

YEL 

HMM  166 

A-14059 

12 

310 

UNK 

UNK 

HMM  266 

A-13522 

17>iui^3 

9 

817 

AFT 

RED 

HC11  D3 

A-14186 

6-Aug-93 

6 

266 

UNK 

UNK 

HMM  261 

A-14157 

18-Aug-93 

8 

624 

UNK 

UNK 

HMM  266 

A-1231 

26'Aug-93 

4 

UNK 

UNK 

UNK 

HMM  261 

A-15012 

26'Aiig-93 

4 

312 

UNK 

UNK 

HMM  261 

A-13701 

27>Aug-93 

6 

485 

UNK 

UNK 

HMM  266 

A'12794 

7-Sep-93 

3 

454 

UNK 

UNK 

HMM  261 

A-13656 

8'Se(>93 

2  ' 

229 

AFT 

GRN 

IWAKUNI 

A-14193 

15-Sep-93 

13 

300 

UNK 

UNK 

HMM  262 

A-14092 

17-Sep-93 

3 

427 

FWD 

RED 

HC11 

A-14827 

17-Sep-93 

4 

301 

AFT 

RED 

HC11 

H-46  TIE  BAR  PIN,  P/N  A02R2644 
FAILURE  LOCATIONS 


DATE 

NR  FOUND 

1  .  27-Feb-84 

2  27-Mar-90 

3  1 -Apr-90 


DEFECT 
STRESS  CORR. 
STRESS  CORR. 
STRESS  CORR. 


PITCH  HOUSING,  P/N  A02R2553 


CRACK  LOCATIONS 


H-46  PITCH  HOUSING  FAILURES 


H-46  FAILED  FITTINGS 
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igue  propagation  in  inches  (thru  crack) 


95 


FORWARD  SHAFT  AND  CARRIER 

P/N  A02D1 269 


Shoulder 

Area* 


Threaded 

Area* 


Seal  Area' 


180°  APART 


Recurring 

Inspection 

Area 


CRACK  LOCATIONS 


H-46  FORWARD  SHAFT  AND  CARRIER  FAILURES 


SERIAL  DATE 

NR  NUMBER  FOUND  TSN  TSO 

1  P662  Nov-82  UNK  UNK 

>  TA826  23-Oct-90  >2000  1132 


CRACK 
SIZE 
T  / 1.5" 
2.1"  /  .7" 


AFT  ROTOR  DRIVE  SHAFT 
P/N  A02D301 1 

CRACK  LOCATIONS 


Shoulder 

Area* 


Upper  Shaft 


*  Recurring 
Inspection 
Area 


AFT  VERTICAL  SHAFT  CRACKS 


SERIAL 

DATE  OF 

BUREAU 

DATE 

CRACK 

NUMBER 

AND  -> 

NUMBER 

FOUND 

TSO 

TSN 

LOCATION 

MIS^HAP 

A  471 

156471 

78SEP 

114 

2260 

PIN  HOLE 

UNK- 

A  659 

154827 

77JUN 

809 

2279 

YE^/dnJc<oE<j'^ 

A  755 

159913 

78MAR 

530 

2489 

PIN  HOLE 

tJWK-A/o 

A  917 

UNK 

7  8  APR 

979 

UNK 

THREADS 

UNK 

A  963 

154020 

7  8  JAN 

517 

1521 

PIN  HOLE 

UNK/^ 

A  423 

154846 

80  AUG 

263 

2091 

THREADS 

-ewK-^ 

1  IM 

UNK 

83031 

mi 

THREADS 

NO 

A  876 

85262 

151433 

83081 

1987 

UNK 

NO 

A  305 

85014 

154857 

83104 

2000 

UNK 

NO 

A  421 

85182 

157661 

83119 

2878 

THREADS 

NO 

A  477 

88217 

151941 

83147 

3873 

THREADS 

NO 

TA  138 

84274 

157704 

83204 

N/A 

1327 

THREADS 

NO 

A  949 

84366 

156465 

83204 

297 

1714 

PIN  HOLE 

NO 

A  650 

85295 

156427 

83300 

789 

1906 

PIN  HOLE 

NO 

A  555 

84094 

155317 

83353 

2732 

THREADS 

NO 

A  517 

87168 

150957 

84080 

1517 

PIN  HOLE 

NO 

A  350 

84361 

151908 

84206 

1256 

2305 

THREADS 

NO 

A  750 

84017 

154789 

84221 

1966 

THREADS 

NO 

A  930 

85097 

153372 

84261 

2637 

THREADS 

NO 

A  269 

84294 

159651 

85008 

1659 

2469 

THREADS 

NO 

A  769 

84285 

156454 

85046 

3439 

PIN  HOLE 

NO 

A  946 

UNK 

UNK 

85071 

UNK 

THREADS 

NO 

A  702 

85161 

150957 

85083 

1398 

1882 

UNK 

NO 

TA  170 

85066 

157702 

85114 

1 

2564 

UNK 

NO 

P  672 

u: 

UNK 

85201 

UNK 

PIN  HOLE 

NO 

A  544 

853c 

154799 

86037 

1316 

3027 

THREADS 

NO 

A  684 

87077 

153405 

87121 

2331  , 

THREADS 

NO 

A  864 

88062 

153998 

88138 

3693 

UNK 

NO 

A  723 

87305 

157674 

88239 

2823 

PIN  HOLE 

NO 

A  536 

88134 

151937 

88134 

• 

2470 

UNK 

NO 

A  595 

91282 

151651 

91308 

4577 

UNK 

NO 

A  791 

90061 

156472 

92037 

4374 

PIN  HOLE 

NO 

•NOTES:  Bureau  numbers  were  not  listed  in  the  transmission  records  where  a 
great  ammount  of  this  information  was  obtained.  A  search  was  made  to  locate 

the  closest  dated  bureau  number  through  COMPTRACK.  Time  since  new  and  time 
ince  overhaul  were  obtained  from  the  transmission  records  if  they  were  listed 
otherwise  these  figures  came  from  the  COMPTRACK  data. 


ONCLUDING:  Number's  SAthrough  33  were  obtained  by  comparing  inducted  shafts 
ith  those  receeving  overhaul  and  repair  because  of  failed  NDI. 


H-46  QUILL  SHAFT 
P/N  A02D2067-2 

CRACK  LOCATIONS 


CRACKED 
SPLINE 


H-46  QUILL  SHAFT  FAILURES 


INPUT  PINION  ADAPTER 
P/N  1 07D3047 


CRACK  LOCATION 


H-46  INPUT  PINION  ADAPTER  FAILURES 


SERIAL 

NUMBER 


DATE 

FOUND  TSN  TSO  CRACK 


A-302 


1-Jun-90 


UNK 


UNK 


Thru  Lug 


H-46  DCU  PROGRAM  FEATURES 

REVISION  H  SOW 


JUEAES 

MATERIAL  CHANGES 
EPOXY  FINISHES 
LOCAL  BEEF -UPS 
NON-HYDROSCOPIC  LINERS 
NEW  SEALS 
NEW  BEARINGS 

NEW  DAMPER  SEALS/SIGHT  GLASS 

MISSIONS 

NEW  SHAFT  SEALS 
AFT  MIX  SIGHT  GLASS 
AIR  DRIER  SYSTEM 

#1  BOOST  PUMP  DRIVE  SPLINE  ADAPTER 
ACCESSORY  GEARBOX 

*  ALIGNMENT 

*  NON-METALLIC  SPLINE  ADAPTERS 

*  UTILITY  PUMP  SHEAR  SHAFT 

SYSTEM 

SLIDER  GUIDE  BUSHINGS 
NEW  Fonmno  shaft 
NEW  AFT  SHAFT 
SYNCH  SHAFTS  EPOXY  FINISHES 
NEW  SYNCH  SHAFTS  MOUNTS 

CONTROLS  SYSTEM 

SWASHPLATE  GIMBAL  MATERIAL  CHANGE 
SWASHPLATE  LOWER  RING  MATERIAL  CHANGE 
NEW  SWASHPLATE  DRIVE  LINK  BEARING 

*  MATERIAL  CHANGES  TO  DVM 

*  NEW  BUSHINGS 

*  NEW  BEARINGS 

PITCH  LINKS  AND  COLLECTIVE  LINKS 

*  MATERIAL  CHANGES 
«  NEW  BEARINGS 
LCT  ACTUATOR  MODS 

NEW  DASH  ACTUATOR  SHAFT  SUPPORT 


VAivEflH  PREPARED  BY  PP&C 
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